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This study was designed to examine whether or not rib cage compression 
(RCC) could effectively overload the inspiratory muscles and affect exercise 
• 
endurance during prolonged heavy cycle exercise (70%VC>2max). Seven young male 
subjects were studied. The RCC (160 mmHg) was generated by inflating a pressure 
vest specially designed for the study. Total respiratory elastances (Ers) at rest with 
and without RCC were measured by using the weighted-spirometer method. Resting 
subdivisions of lung volume with and without RCC were measured with a water-
sealed spirometer while residual volumes (RV) were determined by using the O2-
dilution method. During the cycle exercise endurance tests with and without RCC, 
• 
subjects exercised on a cycle ergometer at 70% VO2max until exhaustion. Exercise 
endurance was defined in terms of the duration of the exercise. The onset of 
inspiratory muscle fatigue during the exercise was determined by the difference in the 
static maximum inspiratory pressure (PImax) before and after the exercise. 
Respiratory responses, end-tidal CO2 tension and heart rate were measured directly by 
using, respectively, the combination of the pneumotachograph and the differential 
pressure transducer, the CO2 analyzer and the ECG monitor. Oxygen consumption 
(VO2) was measured by using the Douglas bag method. Arterial O2 content and 
arterial blood pressure were measured indirectly by using pulse oximeter and blood 
pressure monitor respectively. With RCC, Ers was increased (p <0.05) while total 
lung capacity was reduced (p <0.05) with reductions in RV and in expiratory reserve 
volume. During the exercise, RCC caused the early onset of inspiratory muscle 
fatigue [PImax(pre_ex): 113.06 ±12.17 cmH2O (mean ±SD) vs PImax(post_ex): 91.1 ±11 
cmH2O; p <0.05] and shortened the exercise duration (ex. time(。。")： 48.22 ±15.49 min 
vs ex. time(Rcc): 18.09 ±4.18 min; p <0.05). K also reduced the tidal volume (p <0.05) 
but the ventilation was overcompensated (p <0.05) with an excessive increase 
(p <0.05) in the breathing frequency. The RCC also increased the peak inspiratory 
flow rate (p <0.05) and arterial blood pressure Q) <0.05). However, no significant 
change was found inVO2, end-tidal CO2tension, arterial O2 content and heart rate 
during the exercise with RCC. It was concluded that RCC caused the early onset of 
inspiratory muscle fatigue and reduced the exercise endurance during prolonged 
�~~~~ 
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heavy cycle exercise. Since there was no detrimental effect ofRCC on the alveolar 
ventilation, aerobic metabolism and cardiovascular function during the exercise, the 
reduction in exercise endurance capacity with RCC may at least partly be explained 
by the onset of inspiratory muscle fatigue. 
iii 
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INTRODUCTION 
Background of Study 
According to Hazeldine (1991, p. 3), physical fitness includes components as 
aerobic (cardiorespiratory) endurance, muscular endurance, strength, flexibility, and 
speed. It refers to the total dynamic physiological state of the individual, which is a 
continuum ranging from optimal human performance, at the upper end, to severe 
debilitation and death, at the lower end. Hazeldine further stated that athletes' total 
dynamic physiological state generally approximates optimal human performance. The 
aim of physical training, therefore, is to improve and maintain athletes' physical 
capacities such that athletes approximate their optimal performance during 
competition. 
Principles of Physical Training 
For improving any of the components of physical fitness through physical 
training, the following training principles, which have been adopted by exercise 
professionals for prescribing training programs (Fisher & Jensen, 1990, pp.173-183; 
Hazeldine, 1991, pp.18-51), are to be considered: 
(1) Specificity. Metabolic specificity refers to the need to match the 
predominant energy source for active muscle activity during competition and 
also during training. Neuromuscular specificity refers to the importance of the 
training on specific sport-related muscle groups and neural patterns. 
(2) Overloading. When the human biological system works against loads that 
are above those normally encountered, physiological adaptations (training 
effect) ofthe system can be achieved. The appropriate overload for 
individuals can be achieved by manipulating various combinations of training 
intensity, frequency, and duration. In general, greater intensity results in 
greater physiological improvement in the system, while longer duration 
imposes a greater stimulus toward developing endurance. Meanwhile, the 
optimal training frequency allows the overloaded system to recover and 
rebuild it to a higher physiological level than before. 
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(3) Progression. To maintain overloading, the training intensity, duration, 
and frequency should be gradually increased after adaptations have occurred. 
Exercise professionals (Fisher & Jensen，1990; Hazeldine, 1991) have 
designed a number of muscular endurance training programs for achieving general 
fitness and for improving sports performance. These training programs focus on limb 
and trunk muscles, and do not involve ventilatory muscles (such as the diaphragm and 
the intercostal muscles). In fact, during strenuous exercise, a high level of ventilatory 
muscle activity is required to meet the high ventilatory demand. Though ventilatory 
muscles are one of the sport-specific muscle groups, they have traditionally been 
neglected in athletic training. 
The Need for Ventilatory Muscie Training 
The respiratory system has been considered not a limiting factor to maximal 
aerobic exercise performance. Freedman (1970), for instance, found that the peak 
ventilation during maximal exercise was less than the ventilatory capacity. It was 
then suggested that the difference between ventilatory capacity and peak ventilation 
was a reserve presumably unavailable for use. In recent studies, ventilatory muscle 
fatigue was found after prolonged heavy exercise (Loke et al., 1982; Bender & 
Martin, 1985), and has been associated with reduced exercise performance (Martin et 
al., 1982; Mador & Acevedo, 1991). It has been shown that ventilatory muscle 
training improved prolonged heavy exercise endurance, and such an improvement 
appeared to be attributed to the increase in ventilatory muscle endurance (Boutellier & 
Piwko, 1992; Boutellier et al., 1992). Thus, delaying the onset of ventilatory muscle 
fatigue by increasing ventilatory muscle endurance through ventilatory muscle 
training would theoretically improve athletes' prolonged heavy exercise endurance. 
Methods of Ventilatory Muscle Endurance Training (VMET) 
The ventilatory muscles, which are responsible for inspiration, can be trained 
\ with several overloading techniques. Prolonged isocapnic hyperpnea is conducted 
with a breathing circuit which requires special instruments to control and monitor the 
level of hyperventilation (training intensity), and the concentration of inspiratory O2 
and CO2 concentrations. In inspiratory resistive breathing, inspiratory resistance is 
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increased when the subject breathes through an orifice, and sometimes in conjunction 
with a feedback device for the control of respiratory timing and mean inspiratory 
pressure. Threshold pressure breathing requires a device which contains a valve. 
The valve opens when the inspiratory pressure reaches a predetermined threshold. The 
respiratory timing during threshold pressure breathing is regulated optionally with a 
feedback monitor. 
Statement of the Problem 
Inadequacy of Current Ventilatory Muscle Training Methods 
To control the training intensity (minute ventilation) and to avoid the fall of 
blood pressure during prolonged hyperpnea, a breathing circuit is needed, which 
comprises a CO2 analyzer, a CO2 cyclinder, a pneumotachograph (or gas meter) and a 
spirometer. Since this set of apparatus is expensive and cumbersome and requires 
sophisticated operating techniques, the isocapnic hyperpnic VMET method may not 
be easily employed outside the laboratory. Such limitations of venue and equipment 
have reduced the general applicability ofVMET for athletes. On the other hand, 
inspiratory resistive breathing and threshold pressure breathing require relatively less 
expensive and cumbersome laboratory apparatus, but breathing through the resistor or 
threshold pressure valve cause embarassment and are not likely to be readily accepted. 
The present equipment for VMET has not yet been popularized for general use 
by athletes to improve their exercise performance. As Kim (1984) stated, VMET 
would be rather limited in use until a portable, inexpensive, and easy-to-use 
equipment was developed. To make VMET more readily applicable to athletes, the 
current VMET methods need to be modified. 
Rib Cage Loading as a Respiratory Load 
The respiratory system is responsible for external respiration (exchange of air 
\ between the lungs and the atmosphere). The movement of air in and out of the lungs, 
resulting in an increase or decrease in lung volume, depends on the chest wal” 
^The chest wall is composed of the diaphragm, the rib cage with its musculature, and the abdomen with 
its musculature (Derenne et al., 1978). 
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• 2 • displacement. The inflation of the lungs resulting from chest wall expansion is 
caused by inspiratory muscle contraction against breathing resistances which include 
the elasticity of the lungs and the elasticity of the chest wall. On the other hand, the 
deflation of the lungs at rest is due to the relaxation of the inspiratory muscles and to 
the passive elastic recoil of the lungs and of the chest wall. 
It is noted that an increase in the elastance (a measure of the resistance to 
distension) of either the lungs or the chest wall, or both (total respiratory elastance), 
will increase inspiratory muscle work. Previous studies have shown that either the 
restriction of rib cage expansion (rib cage restriction) (Agostoni et al., 1977) or the 
compression of rib cage movement (rib cage compression) (Ting, 1961; Sharp et al., 
1964) can increase the total respiratory elastance. DiMarco et al.,s (1981) study 
further showed that the increased total respiratory elastance resulting from rib cage 
restriction increased the inspiratory muscle activity. Such rib cage loading, if carried 
out regularly on a continuous, long-term basis, will probably cause a training effect on 
the endurance of the inspiratory muscles. 
The use of rib cage loading for improving inspiratory muscle endurance has at 
least three advantages over the current VMET methods. Firstly, the equipment for rib 
cage restriction or compression is portable. For instance, the rubberized cloth 
bandage used by DiMarco et al. (1981), and the combination of chest corset and 
pneumatic cuff used by Nishino et al. (1992) were light and handy. The use of this 
kind of equipment for rib cage loading will enable VMET to be conducted outside the 
laboratory, thus minimizing the limitations of time and venue. Secondly, the 
equipment for rib cage loading is inexpensive and easy to use. Compared with the 
cost ofthe equipment for currently used VMET methods, rib cage loading is more 
affordable. Moreover, sophisticated techniques is not required for wearing a chest 
corset or strapping the chest with cloth bandage. Thirdly, rib cage loading does not 
require breathing apparatus such as the mouth piece and the nose clip, and thus is 
likely to minimize the possibility of accidental injury caused by the use of such 
apparatus during training. Training without the use ofbreathing apparatus should also 
reduce embarrassment and so should be more easily accepted by athletes. With these 
^Chest wall expansion for lung inflation results from rib cage expansion and diaphragmatic downward 
displacement. 
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three advantages, rib cage loading should enhance the application ofVMET and allow 
it to be incorporated into the routine field training programs. 
Rib Cage Restriction 
According to the principle of"progression", the third principle of physical 
training mentioned above, the training effect is best achieved by gradually increasing 
the load on the target system. Ideally, the degree (intensity) of loading should be 
adjustable and measurable, such as by adjusting the weight of the dumb bell in a 
weight program, or by regulating the velocity or distance in the running program. 
Meanwhile, it is noted that a given tidal volume may be brought about by a range of 
different ratios of rib cage expansion to diaphragmatic downward displacement - that 
is, a decrease in the degree of rib cage expansion can be complemented by an increase 
in the degree of diaphragmatic downward displacement, or vice verse, and the same 
tidal volume can still be achieved. The degree of rib cage expansion for restriction at 
a given lung volume, therefore, may vary. Moreover, the restriction of rib cage 
expansion at a given lung volume (DiMarco et al., 1981; Hussain et al., 1985; Hussain 
& Pardy，1985) depends heavily on the skill of manual tightening of the chest. 
Therefore, the degree of rib cage loading for rib cage restriction may not be 
objectively adjusted and measured, and hence rib cage restriction is not a precise 
means of loading for training or for research. Such a problem of rib cage restriction, 
however, is likely to be resolved if restriction is replaced by compression. 
Rib Cage Compression 
In Shannon's (1975,1979) studies on chest compression, an inflated pneumatic 
cuffwas used to exert compression on the chest of animals, and the degree of 
compression (the cuff pressure) was shown on the sphygmomanometer. In Nishino et 
al.,s (1992) study, rib cage compression on human was generated by inflating a 
pneumatic cuff inserted under a chest corset over the anterior chest wall. The cuff 
inflation pressure was exerted indirectly through the reflected inelastic layer of the 
corset upon the rib cage. An adjustable compressed air pump was used to inflate the 
cuff, so that the level ofrib cage compression, which was indicated on the compressed 
air pump, could be measured and adjusted objectively. 
Ifrib cage compression can be used to overload the inspiratory muscles and 
thus reduce the exercise endurance during the prolonged heavy exercise, both the 
5 
inspiratory muscle endurance and the exercise endurance—according to the training 
principle of overloading—are expected to be improved through VMET with rib cage 
compression imposed during the exercise. Previous studies showed that the 
endurance of ventilatory muscles was a possible limiting factor of endurance during 
prolonged heavy exercise (Boutellier & Piwko，1992; Boutellier et al., 1992). 
Other studies have shown the effect of rib cage restriction on inspiratory 
muscle function and on short-term heavy exercise endurance (Hussain et al., 1985; 
Hussain & Pardy，1985). In these studies, the level of restriction on rib cage 
expansion was preset at residual volume, and the exercise ventilation was maintained 
by diaphragmatic displacement alone. During the exercise with rib cage restriction, 
the diaphragm was effectively overloaded and the short-term heavy exercise 
endurance was reduced. 
The ventilatory demand and hence the work of inspiratory muscles during 
short-term heavy exercise is greater than that during prolonged heavy exercise. 
Moreover, the increased work of the diaphragm resulting from rib cage restriction is 
relatively greater than that resulting from rib cage compression for meeting a given 
ventilatory demand, even though the diaphragm is not directly loaded by rib cage 
restriction. During the restriction of rib cage movement at residual volume, the 
ventilatory demand is met only by the diaphragm without any assistance from the 
intercostal and accessory muscles (Hussain et al., 1985). During rib cage 
compression, rib cage expansion is not restricted at any particular lung volume. 
Although rib cage elastance is increased with rib cage compression, the intercostal and 
accessory muscles have not been eliminated as inspiratory muscles and their 
contractions for lifting up the rib cage can assist the diaphragm to perform its task. 
Previous studies have not shown whether or not a given degree of rib cage 
compression during prolonged heavy exercise could effectively overload the 
inspiratory muscles and thus reduce the prolonged heavy exercise endurance. 
Purposes of Study 
This study was designed to examine whether or not rib cage compression 
could effectively overload the inspiratory muscles and affect the prolonged heavy 
exercise endurance. Two prolonged heavy exercise endurance tests on cycle 
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ergometer were conducted on healthy young male subjects. One was conducted 
without rib cage compression while the other was the same test conducted with rib 
cage compression. The maximum inspiratory pressures were measured before and 
after the cycle exercise in both tests. During the test with rib cage compression, a 
specific pressure (160 mmHg) generated by inflation of a pressure vest was imposed 
on the subject's rib cage. Whether or not the inspiratory muscles were overloaded 
during the exercise with rib cage compression was indicated by the occurrence of a 
relatively higher reduction in the post-exercise static maximum inspiratory pressure 
during the test with rib cage compression. The effect of rib cage compression on the 
prolonged heavy exercise endurance was indicated by the difference in the duration of 
the exercise with and without rib cage compression. 
To elucidate the contributions of the changes in the cardiorespiratory system 
resulting from rib cage compression to the affected inspiratory muscle function and to 
the exercise endurance during the cycle exercise, the following parameters during the 
exercise with rib cage compression were examined: the physical changes in 
respiratory system (total respiratory elastance and subdivisions of lung volume), and 
selected physiological changes in cardiorespiratory system. Investigations of such 
physiological changes in the cardiorespiratory system included whether or not the 
followings were altered during the cycle exercise with rib cage compression: (1) the 
respiratory responses, (2) the level of oxygen consumption, (3) the parameters of gas 
exchange including arterial oxygen content and alveolar CO2 tension, and (4) the 
parameters ofthe cardiaovascular system including heart rate and arterial blood 
pressure. 
Significance of Study 
Although current VMET methods have been found to be effective in 
increasing ventilatory muscle endurance and may lead to the improvement of 
prolonged heavy exercise endurance, the applicability of these methods for athletic 
training purpose is limited due to the need for expensive and cumbersome equipment, 
and for sophisticated techniques for manipulating the delicate equipment. Such 
7 
requirements restrict the development ofVMET, like other kinds of skeletal muscle 
endurance training, to become part of athletes' physical training program. 
The use ofVMET by rib cage compression during prolonged heavy exercise to 
improve the exercise endurance is an alternative. This study was designed to examine 
whether or not a given degree of rib cage compression generated by an inflated 
pressure vest could overload the inspiratory muscles and reduce the endurance during 
prolonged heavy exercise on cycle ergometer. Such findings would provide useful 
references for prescribing the compression load for VMET by rib cage compression in 
future researches and applications. 
8 
REVIEW OF LITERATURE 
The present study was designed to examine whether or not rib cage 
compression could effectively overload the inspiratory muscles and reduce exercise 
endurance in prolonged heavy exercise. As rib cage compression is a kind of rib cage 
loading, this chapter is focused on the following related areas: 
• Ventilatory muscle capacity — a limiting factor of exercise performance 
• Rib cage loading as a respiratory load 
• Methods of rib cage loading 
• The physical changes in respiratory system during rib cage loading 
• The physiological changes in cardiorespiratory system during rib cage 
loading 
• Mechanism for the changes in ventilatory muscle activity and in 
respiratory response during rib cage loading 
• Effects of rib cage loading on exercise performance 
Ventilatory Muscle Endurance Capacity ~ a Limiting Factor 
of Exercise Endurance Capacity during Prolonged Heavy Exercise 
The Reserve of Ventilatory Muscle Endurance during Prolonged Heavy 
Exercise 
The maximum voluntary ventilation (MVV) measured over fifteen seconds is 
considered as an individual's ventilatory capacity. However, ventilation of such a 
magnitude cannot be maintained for a long period of time due to ventilatory muscle 
fatigue. The maximal sustainable ventilation for fifteen minutes is only about 65% of 
the 15s MVV (Leith & Bradley, 1976). Freedman (1970) found that ventilation 
during maximal steady-state exercise approached and sometimes exceeded the 4-min 
MVV. Moreover, Leblanc et al. (1988) showed that the peak pleural pressure during 
maximal exercise was equal to 42% of the maximal static inspiratory pressure at a 
corresponding lung volume and airflow. Had their subjects not shown a decrease in 
end-expiratory lung volume during exercise, this value would have increased to 55 to 
70%. 
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The occurrence of ventilatory muscle fatigue during prolonged heavy exercise 
has been shown in Loke et al.'s (1982) study. In their study, the maximal inspiratory 
pressure (-16.5%) and maximun voluntary ventilation (-9.5%) ofthe runners 
decreased significantly after completion of a marathon. Similar changes were also 
observed in runners after completion of a half-marathon (Chevrolet et al., 1984). 
Bender and martin (1985) found that the maximum voluntary ventilation ofboth 
runners and nonrunners decreased after a 60-min exhaustive run. Bye et al.'s (1984) 
study also demonstrated the occurrence of diaphragmatic fatigue during constant-load 
heavy exercise on cycle ergometer. The occurrence of ventilatory muscle fatigue 
found in these previous studies indicated that the reserve of ventilatory muscle 
endurance was small during prolonged heavy exercise. In other words, the ventilatory 
demand during prolonged heavy exercise approached the capacity of the ventilatory 
system. 
Martin et al. (1982) showed that the reduction of ventilatory muscle endurance 
alone was sufficient to decrease maximal running performance. In their study, 
reductions in exercise endurance (-14.5%), peak ventilation (-5.6%) and peak oxygen 
uptake (-5.2%,) were found following prolonged heavy ventilatory work. The 
reduction of exercise endurance due to ventilatory muscle fatigue was in agreement 
with the findings in the study by Mador and Acevedo (1991). In their study, it was 
found that the induction of inspiratory muscle fatigue resulted in a reduction in 
subsequent exercise endurance (-23.5%). On the other hand, Bye et al. (1984) found 
in their study that the mean exercise time was increased by 67% when subjects 
performed short-term constant-load heavy exercise with inspired gas containing 40% 
oxygen. As oxygen breathing decreased minute ventilation during the exercise, the 
increase in exercise endurance found in their study was attributed to the reduction in 
ventilatory demand. The reduction of ventilatory muscle work resulting from the 
decreased ventilatory demand during the exercise delayed the development of 
diaphragmatic fatigue and resulted in the perception of a lesser breathing effort. 
Theoretically, then, the ability to sustain high ventilation during heavy exercise is one 
of the limiting factors of exercise endurance. 
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Ventilatory Muscle Endurance Training (VMET) for Improving 
Exercise Endurance 
Morgan et al. (1987) have examined the effects of VMET on ventilatory 
muscle endurance and exercise performance in moderately trained cyclists. They 
found that VMET increased the subjects' MVV for 16%, but did not alter the 
subjects' mean maximum oxygen consumption and mean cycling exercise duration at • 
95% V02max- Such findings were in agreement with the findings in Fairbam et al.'s 
(1990) study in which a similar VMET program was conducted on highly trained 
cyclists. On the other hand, Boutellier and Piwko (1992) conducted VMET on normal 
sedentary subjects and found that VMET improved the subjects' endurance in 
sustained hyperpnea test from about 4 minutes to 15 minutes, and in cycling exercise 
(intensity corresponding to a heart rate of 170 bpm) from about 27 minutes to 40 
minutes. Furthermore, with a similar VMET program on eight healthy trained 
subjects, Boutellier et al. (1992) found that the trained subjects' ventilatory muscle 
endurance ^>re-test: 6.1 min vs post-test: 40 min) and exercise performance (pre-test: 
22.8 min vs post-test: 31.5 min) at the anaerobic threshold on a cycle ergometer 
improved significantly. 
Rib Cage Loading as a Respiratory load 
A number ofstudies (Caro et al., 1960; Ting, 1961; Sharp et al., 1964; Bradley 
& Anthonisen，1980; DiMarco et al., 1981; Hussain et al.，1985; Hussain & Pardy, 
1985) showed that rib cage loading, either by strapping or compression, increased the 
total respiratory elastance significantly. Since the total respiratory elastance was 
increased by imposing the external load on rib cage but not on the whole chest wall, 
rib cage loading was considered as an uneven elastic loading imposed on the 
respiratory system (Agostoni et al., 1977). 
DiMarco et al. (1981) have studied the effect of rib cage restriction on 
inspiratory muscle activity during progressive hyperoxic hypercapnia. They found 
that since the elastance oftotal respiratory system was increased by rib cage strapping, 
the total inspiratory muscle output at any given level of hypercapnia-induced 
hyperventilation - which was indicated by mouth occlusion pressure (Po i ) -
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increased significantly (Table 2.1). In Nishino et al.'s (1992) study, a similar result in 
the total inspiratory muscle output was found in anesthetized subjects with rib cage 
compression. Moreover, DiMarco et al.'s (1981) study found that the level of 
inspiratory muscle activity indicated by the mouth occlusion pressure increased in 
porportion to the magnitude of rib cage loading. 
Table 2.1 
Effects ofRib Cage Strapping in Sitting Position on Mouth Occlusion Pressure and on 
Ventilatory Response to Hvpercapnia as Shown in DiMarco et al.'s ri98H Study 
Trial AP0j/APACO2 Po.i at PACO2= AVE/APACO2 V^ at PACO2= 
55 Torr 55 Torr 
(cmH2O.Torr-1) (cmH2O) (L.min-i.Torfi) (L.min]) 
Control 0.44 ±0.05 3.96 ±0.86 2.37 ±0.45 28.82 ±5.6 




Values are means ±SE. 
Po.i is the mouth occlusion pressure. 
PACO2 is the alveolar CO2 tension 
V^ is the minute ventilation. 
*^<0.05. 
Green et al. in 1974 reported that the loading of rib cage movement by an 
inflexible barrier was associated with an increase in diaphragmatic electrical activity 
(inspiratory neural drive). Such findings was in agreement with the studies ofHussain 
et al. (1985) and Hussain & Pardy (1985) who restricted rib cage expansion by using 
an inelastic chest corset during short-term heavy exercise. During the exercise, peak 
diaphragmatic electromyogram (peak Edi) at any given period of the exercise 
increased significantly with rib cage restriction. Such increase in peak Edi indicated 
that rib cage restriction increased the firing rate and the recruitment of diaphragmatic 
motomeurons. 
The increase in the mouth occlusion pressure and in peak Edi in these studies 
show that rib cage loading can increase the inspiratory muscle output at rest or during 
exercise. 
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Methods of Rib Cage Loading 
In the past decades, rib cage loading in many studies was achieved by rib cage 
restriction or rib cage compression. 
Methods of Rib Cage Restriction 
Caro et al. in 1960 used three typical methods to restrict the rib cage 
movement for studying the effects of chest restriction on pulmonary functions. They 
restricted the rib cage movement at residual volume with: (1) a two-inch inextensible 
adhesive tape strapping around the thoracic cage, (2) a long strip of one-inch-wide 
rubber inner tubing winding several times around the chest, and (3) an adjustable 
chest corset. Sharp et al. (1964), who have investigated the effects of thoracic elastic 
loading on the compliances of thorax and respiratory system, employed a rubber inner 
tubing to restrict rib cage movement to a point where the circumferential chest 
expansion was reduced to an average of 15 mm. A similar method has been used in 
DiMarco et al.'s (1981) study for examining the effect of selective rib cage and 
abdominal restriction on breathing. In Sybrecht et al.'s (1975) and Scheidt et 
al.'s(1981) studies, strapping of an inelastic corset on subjects' chest at residual 
volume was used to investigate the effect of rib cage restriction on regional lung 
function and on lung mechanics. A similar method has been used in Agostoni et al.'s 
(1977) study for generating an uneven elastic load on the ventilatory system. In the 
studies ofBradley & Anthonisen (1980), Hussain et al. (1985) and Hussain & Pardy 
(1985), an inelastic corset with an pneumatic cuff secured to its inner surface was used 
to restrict rib cage expansion at residual volume. 
Methods of Rib Cage Compression 
In Ting's (1961) and Sharp et al.'s (1964) studies, rib cage compression was 
achieved using sand bags or shot bags imposed on the chest of subjects in a supine 
position. In these studies, rib cage compression, which acted as a continuous elastic 
load，was used to examine the changes of the compliances of the thorax and the total 
respiratory system. Shannon (1975，1979) and D,Angelo et al. (1976) examined the 
mechanism ofthe changes in respiratory response during rib cage compression. In 
their studies, rib cage compression was generated by inflating a sphygmomanometer 
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cuff which was strapped around the chest of animals, and by manual compression of 
the rib cage of the animals. The respiratory response ofhuman subjects during chest 
compression at rest was examined by Nishino et al. (1992). Chest compression, in 
their study, was carried out by inflating a pneumatic cuff inserted under a chest corset 
and placed over the anterior chest wall. 
Rib cage restriction is to limit the rib cage expansion at residual volume, while 
rib cage compression is to impede the respiratory movement of rib cage throughout its 
range of motion. During rib cage restriction, the ventilatory demand is met only by 
the diaphragm without any assistance from the intercostal and accessory muscles 
(Hussain et al., 1985), while rib cage compression increases the rib cage elastance, 
the intercostal and accessory muscles have not been eliminated as inspiratory muscles, 
and their contractions for lifting up the rib cage can assist the diaphragm in its task. 
Thus, the increased work of the diaphragm resulting from rib cage restriction may be 
relatively greater than that resutling from rib cage compression for meeting the given 
ventilatory demand. 
The Physical Changes in Respiratory System during Rib Cage 
Loading 
Respiratory Mechanics 
Total Respiratory Elastance 
Table 2.2 
Effects ofRib Cage Loading on Total Respiratory Elastance as Shown in Previous 
Studies 
Total Respiratory Elastance (cmHoO.L—) 
Studies Control Loaded 
Sharp et al. (1964) ^ T ^ 
Agostoni et al. (1977) 15.7 27.7 
DiMarco et al. (1981) 9.3 16.2 
Note. ‘ “ 
Control mean values were measured without rib cage loading. 
Loaded mean values were measured with rib cage loading. 
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According to the findings from three previous studies (Table 2.2)，when rib 
cage expansion was loaded, the elastance of the total respiratory system increased 
significantly. Agostoni et al. (1977) stated that rib cage loading was an uneven elastic 
loading of the ventilatory system. 
Lung Compliance 
According to the findings from previous studies shown in Table 2.3，the 
deflation of lungs resulting from rib cage strapping caused a decrease in lung 
compliance (reciprocal of lung elastance). Scheidt et al. (1981) found that there was a 
significant correlation (r=0.79, p<0.01) between the degree of reduction of total lung 
capacity resulting from rib cage restriction and the decrease in lung compliance. 
Sybrecht et al. (1975) stated that the decrease in lung compliance, which was related 
to breathing at a low lung volume, was due to an increase in surface tension of the 
alveolar lining. 
Table 2.3 
Effects ofRib Cage Loading on Lung Compliance as Shown in Previous Studies 
Lung Compliance f L . c m H p : � 
Studies Control Loaded 
Sybrecht et al. (1975) ^ 0 2 l 
±0.04 ±0.07 
Bradley& 0.32 0.13 
Anthonisen (1980) ±0.04 ±0.04 
Hussain et al. (1985) 0.21 0.17 
±0.01 ±0.01 
Note. 
Control mean ±SE were measured without rib cage loading. 
Loaded mean ±SE were measured with rib cage loading. 
Subdivisions of Lung Volume 
In Table 2.4, the effects of rib cage loading on subdivisions oflung volume ~ 
with the exception ofresidual volume ~ reported by previous studies were very 
consistent. With rib cage restriction, the reductions of vital capacity and total lung 
capacity were due to similar fractional reductions in inspiratory capacity and 


























































































































































































































































































































































































































































that residual volume was not affected by rib cage restriction, while the rest showed 
that residual volume was reduced with rib cage strapping. Such inconsistency in the 
change of residual volume resulting from rib cage loading was attributed to the 
relatively more compliant chest wall of young subjects in Sybrecht et al.'s (1975) 
study. However, the skill of manual tightening of the chest and the subjects' 
attainment of their greatest maximal expiration while subjects' chests were being 
strapped could also affect the measured values of residual volume significantly. 
According to the findings from the previous studies, it can be concluded that 
rib cage loading with any method caused an increase in the elastance of the lungs and 
of the total respiratory system. Meanwhile, it also caused reductions in the expiratory 
reserve volume and inspiratory capacity. As a result, functional residual capacity, 
vital capacity, and total lung capacity were reduced. Nevertheless, the residual 
volume was not likely to be affected by rib cage loading. 
The Physiological Changes in Cardiorespiratory System during 
Rib Cage Loading 
Respiratory Response 
Ventilatory Response 
Most ofthe previous studies, however, except for the study ofNishino et al. 
(1992), showed that the ventilatory response was not affected by rib cage loading at 
rest and during exercise or progressive hypercapnia. Poon (1987) stated that 
ventilatory response would be relatively unaffected by changes in elastic load, 
because any increase in stored elastic energy during inspiration should facilitate the 
ensuing expiration. In Nishino et al.'s (1992) study, although the tidal volume was 
reduced with heavy rib cage compression, significant increase in minute ventilation 
were found in conscious subjects. However, such an increase in minute ventilation 
during rib cage compression were not found in anesthetized subjects. This showed 
that the ventilatory overcompensation during rib cage compression was probably due 
to the increased level of cerebral cortical activity in increasing the breathing frequency 
Os[ishino et al., 1992). 
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Table 2.5 
Effects ofRib Cage Loading on Respiratory Response as Shown in Previous Studies 
~T 4 % T； T^ IFR 
Studies ® (c. min“) (l.min“) (sec) (sec) (l.sec"^) 
C ^ ^ ^ +27.8%~+0.02% 
(1960) 
Agostoni^ -10.1% +11.3% -3.6% -8.6% -8.4% 
(1977) 
DiMarco -30.7%^ -37.3%^ -40.4%^ +49.5%^ 
(1981) 




Vfis the tidal volume;/^ is the breathing frequency; V^ is the minute ventilation; 7}is 
the inspiratory time; T^ is the expiratory time; IFR is the inspiratory flow rate. 
Positive values (+) are the percentage increase with rib cage loading. 
Negative values (-) are the percentage decrease with rib cage loading. 
1 Values were measured from 8 conscious subjects in the supine posture. 
2 Values were measured at a Vg of 40 l.min"^ during hypercapnia with rib cage 
loading. 
3 The value was mean inspiratory flow rate which was measured at an alveolar CO2 
tension of 55 Torr during hypercapnia with rib cage loading. 
4 Values were measured at exhaustion during all-out constant-load heavy exercise 
with rib cage loading. 
a The value was peak inspiratory flow rate. 
Breathing Pattern 
According to the findings from previous studies (Table 2.5), rib cage loading 
caused a similar change in breathing pattern. During rib cage strapping or 
compression, tidal volume decreased while breathing frequency increased. These 
changes were found proportional to the magnitude of rib cage loading OSFishino et al., 
1992). In Agostoni et al.'s (1977) study, it was shown that with rib cage strapping, 
the increase in breathing frequency was caused by similar fractional reductions in both 
inspiratory and expiratory times at resting ventilation. Such findings were in 
agreement with the findings in studies ofDiMarco et al. (1981), Hussain et al.(1985) 
and Hussain & Pardy (1985), in which rib cage strapping was imposed at a given level 
ofventilation during CO2 rebreathing, and at exhaustion during short-term constant-
load heavy exercise, respectively. On the other hand, during rib cage loading, the 
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increase in breathing frequency in anesthetized subjects was only due to the decrease 
in expiratory time (Agostoni et al., 1977; Nishino et al., 1992). Such findings showed 
that the decrease in expiratory time during rib cage compression was due to the 
increased elastic recoil force of the respiratory system, while the decrease in 
inspiratory time in conscious subjects was due to the cerebral cortical influence. 
Inspiratory Flow Rate 
During short-term heavy exercise or progressive hypercapnia, the peak and 
mean inspiratory flow rate increased significantly with rib cage restriction (DiMarco 
et al., 1981; Hussain et al., 1985; Hussain & Pardy，1985) (Table 2.5). Since the 
inspiratory flow rate can be used to indicate the central inspiratory drive (Caretti et al., 
1992), the increased inspiratory flow rate found in previous studies indicated that the 
total inspiratory muscle output increased with rib cage restriction during the exercise 
and the progressive hypercapnia. 
Gas Exchange 
Alveolar CO: Tension 
Caro et al. (1960) found that arterial carbon dioxide tension and alveolar 
carbon dioxide tension did not change during chest strapping. Nishino et al.(1992) 
found that due to the occurrence of hyperventilation during rib cage compression, end-
tidal CO2 tension of conscious subjects decreased. In Hussain et al.'s (1985a) study, 
during short-term heavy exercise with rib cage restriction, the end-tidal CO2 tension 
for given periods ofthe exercise were similar to those measured during the isoperiods 
ofthe same exercise without rib cage restriction. Even though the breathing pattem 
changed, the unaltered alveolar CO2 tension indicated that alveolar ventilation was 
adequate at rest and during heavy exercise with rib cage loading. 
Arterial O= Level 
The fall in arterial oxygen tension during chest restriction at rest was found in 
Caro et al.'s (1960) study, and it was attributed to the increase in nonventilated 
regions ofthe lung. As regards the change in arterial oxygen level during exercise 
with rib cage loading, little discussion has been made in previous studies. 
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Cardiovascular Functions 
Arterial Blood Pressure and Heart Rate 
In Shannon's (1975) study, a decrease of arterial blood pressure in cats was 
found when their chests were lightly compressed by inflating a sphygmomanometer 
cuff. Such a decrease in arterial blood pressure was probably due to a reduced cardiac 
output. However, Nishino et al. (1992) found that in anesthetized human, rib cage 
compression did not affect their systolic blood pressure (SBP(c�n): 113 ±3 mmHg; 
SBP(Rcc)： 109 ±3 mmHg, p >0.05) or diastolic blood pressure (DBP(。。。)： 70 ±2 
mmHg; DBP(Rcc): 72 ±3 mmHg, p >0.05), but changed their heart rate (HR(con): 83 ±2 
beats.min_i vs HR^Rcc)- 95 ±2 beats.min"\ p <0.05). The increase in heart rate and the 
unaltered arterial blood pressure during rib cage compression might have resulted 
from the baroreceptor reflex via the baroreceptors located in the aortic arch and 
carotid sinuses. 
In conclusion, the imposition of rib cage loading on conscious subjects 
resulted in a decrease in tidal volume, and an increase in breathing frequency with 
similar fractional reductions in inspiratory and expiratory time. As a result, the 
minute ventilation was maintained. During short-term heavy exercise with rib cage 
loading, the inspiratory flow rate increased along with the increase in central 
inspiratory activity. Meanwhile, even though the breathing pattern changed, alveolar 
CO2 tension had not increased. The unaltered alveolar CO2 tension indicated that the 
alveolar ventilation during the exercise with rib cage loading was adequate. Although 
alveolar ventilation was adequate during rib cage loading, the increase in 
nonventilated regions of the lungs resulting from the increased intrathoracic pressure 
reduced the arterial oxygen level. On the other hand, the increased intrathoracic 
pressure had not affected the arterial blood pressure during rib cage loading. 
Mechanisms for the Changes in Ventilatory Muscle Activity and in 
Respiratory Response during Rib Cage Loading 
Previous studies (Mead, 1960; Otis, 1964) have shown that breathing patterns 
can be regulated spontaneously to minimize the amount of work or force expended by 
ventilatory muscles for meeting the ventilatory demand. Any increase in work of 
breathing as a result ofelastic load might be minimized by appropriate adjustments of 
20 
the breathing pattem (Poon, 1987). The increase in total respiratory elastance with rib 
cage loading elicited an increase in ventilatory muscle drive and an alternation in the 
breathing pattem, which included an increase in breathing frequency and a decrease in 
tidal volume (Shannon, 1975; 1979; DiMarco et al., 1985; Nishino et al., 1992). The 
decrease in tidal volume with rib cag loading is due to mechanical restriction, while 
the increase in breathing frequency is a reflex response. 
The Chemical Drive 
The alternations in respiratory durations and in respiratory neural drive during 
rib cage loading are not likely to have resulted from chemical drive. This is because 
during short-term constant load heavy exercise with rib cage restriction, the 
alternation in breathing pattem occurred even though there was no change in end-tidal 
CO2 tension throughout the exercise (Hussain et al., 1985). Moreover, Shannon 
(1979) observed the change ofbreathing pattem in the first-compressed breath, and 
attributed such change to a rapid neural reflex. 
Pulmonary Vagal Reflexes 
D'Angelo et al. (1976) showed that irritant receptors (vagal sensory receptors) 
in the lungs ofanimals were responsible for the increase in respiratory neural drive 
and the reductions in respiratory durations resulting from rib cage compression. 
However, similar changes in respiratory response and in respiratory neural drive were 
found even in anesthetized and vagotomized animals with rib cage compression 
(Shannon, 1975, 1979). This shows that pulmonary vagal reflexes is not the only 
control mechanism of respiratory neural drive and ofbreathing pattem during rib cage 
loading. Another contradiction of results was found between Guz et al. (1971) and 
Nishino et al. (1992). The former observed that the vagally mediated lung deflation 
reflexes in human only resulted from a large amount oflung deflation. Such 
observation was referred to and challenged by the latter, who found a marked change 
in respiratory response and in respiratory neural drive when there was only 0.5 liter of 
lung volume decrease with rib cage compression. Thus pulmonary vagal reflexes is 
probably not the predominant control of respiratory response or of ventilatory muscle 
activity during rib cage loading. 
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The Extravagal Proprioceptive Mechanism 
Shannon (1975) has studied the respiratory frequency control in anesthetized 
and vagotomized animals during CO2 breathing with external elastic loading and chest 
compression respectively. During chest compression, the increase in breathing 
frequency was greater than that attributed to CO2 drive. On the other hand, during 
external elastic loading, no such increase in breathing frequency was found. Shannon 
concluded that during rib cage compression, the ‘chest wall，mechanoreceptors (such 
as intercostal muscle spindles andjoint receptors in the rib cage) activated the 
monosynaptic reflex, and thereby increased the alpha motor activity in intercostal 
muscles. Further evidence was shown in the studies by Agostoni et al. (1977) and by 
DiMarco et al. (1981). During the restriction of rib cage expansion without reducing 
the rib cage or lung volume, a marked changes in respiratory durations and change in 
total inspiratory muscle output were observed. The findings from these studies 
showed that the observed changes in respiratory durations and in total inspiratory 
muscle output were due to the sensation ofhindrance to rib cage expansion, rather 
than due to the pulmonary vagal reflex resulting from rib cage squeezing. Such 
findings suggested that the extravagal proprioceptive mechanism was the predominant 
mechanism in control ofrespiratory response and of ventilatory muscle activity during 
rib cage loading. 
The Consciousness Factor 
In Agostoni et al.'s (1977) study, rib cage strapping decreased expiratory time 
but did not change the inspiratory time or the breathing frequency significantly in 
anesthetized subjects. However, with conscious subjects, similar rib cage strapping 
caused an increase in breathing frequency with similar fractional reductions in 
inspiratory and expiratory times. Similar difference in the changes of respiratory 
response between anesthetized and conscious subjects was also observed in Nishino et 
al.'s (1992) study. The extravagal proprioceptive receptors-evoked monosynaptic 
reflex alone cannot explain the changes in respiratory response and in respiratory 
neural drive during rib cage loading in the conscious human. DiMarco et al. (1981) 
stated that the fusimotor-muscle spindle system might also contribute to these changes 
during rib cage loading. Newson Davis and Sears (1970) have shown that excitatory 
22 
intercostal responses could be enhanced when subjects were given prior instructions 
to resist the ventilatory loads. Beme and levy (1992, p. 605) stated that spindle 
afferent signal provided information of respiratory movement to the cerebral cortex so 
that it could be perceived consciously. Thus, according to the above studies, when 
inspiratory movements of conscious persons were impeded, the observed changes in 
respiratory response and the increase in the level of total ventilatory muscle activity 
were the result of the cerebral cortical modulation of spindle-evoked reflex responses. 
During rib cage loading, a greater-than-normal diaphragmatic shortening 
during inspiration at any level of ventilation was found by DiMarco et al.(1981) and 
Hussain & Pardy (1985). This was likely to be a result of extravagal-reflex responses, 
which is modulated by the cerebral cortex, even though the diaphragm has a paucity 
of spindle organs and its displacement is not directly loaded. Such increase in 
diaphragmatic shortening compensates the reduction in rib cage expansion during rib 
cage loading to meet the ventilatory demand. 
In conclusion, change in breathing pattem due to rib cage loading is to 
minimize the increased preceived magnitude ofbreathing effort and to maintain the 
minute ventilation. The increase in ventilatory muscle activity and the changes in 
breathing pattem are not likely to be caused by a chemical drive. They are due to the 
sensation ofhindrance to rib cage expansion, rather than due to the pulmonary vagal 
reflex resulting from rib cage squeezing. The enhanced ventilatory muscle activity 
and the changes in respiratory durations are results of the extravagal proprioceptive 
receptor-evoked response which has been modulated by the cerebral cortex through 
the fusimotor-muscle spindle system. Although the diaphragm has a paucity of 
spindle organs and its displacement is not directly loaded during rib cage loading, the 
increase in diaphragmatic activity is likely to be a result of extravagal-reflex which is 
modulated by the cerebral cortex. 
Effects of Rib Cage Loading on Exercise Performance 
In the last two decades, there were only two studies conducted to examine the 
effect ofrib cage loading on exercise performance. In 1979, Ghesquiere et al. studied 
the limitation of work capacity with chest strapping in normal subjects, and found that 
23 
physical performance was reduced. In Hussain et al.'s study (1985), a similar 
detrimental effect was found during short-term constant-load heavy exercise with rib 
cage strapping. In their studies, the exercise time with rib cage strapping 
(approximately four minutes) was significantly shorter than that of the control 
(approximately six minutes). 
In Hussain et al.'s study (1985)，the level of restriction on rib cage expansion 
was preset at residual volume, and ventilation was maintained by the diaphragmatic 
displacement alone. As a result, an early onset of diaphragmatic fatigue occurred, 
which was indicated by a progressive reduction of the high/low ratio of diaphragmatic 
electromyogram during the exercise, and by the difference between pre- and post-
exercise maximum transdiaphragmatic pressures (Pdimax(pre-ex): 202 土6 cmH2O vs 
Pdimax(post-ex): 162 土12 cmH2O, p <0.05). Scvere sensation ofbreathlessness and 
discomfort during the exercise was viewed as one of the factors for the reduction of 
exercise endurance. Previous studies (Martin et al., 1982; Mador & Acevedo, 1991) 
also demonstrated that exercise performance decreased with ventilatory muscle 
fatigue. 
The occurrence of the early onset of diaphragmatic fatigue during exercise 
with rib cage restriction are attributed to the following factors: 
(1) The recruitment of the intercostal and accessary muscles have been found 
to play an important role in assisting the diaphragm to meet the ventilatory demand 
(Roussos et al., 1979). During rib cage restriction, the function of the contraction of 
the intercostal and accessary muscles in rib cage expansion is limited, and so a greater 
diaphragmatic diaplacement to meet the ventilatory demand is required. As a result, 
the inspiratory effort of the diaphragm increases. Furthermore, rib cage restriction is 
associated with the flattening of the diaphragm (Green et al., 1974). The shortened 
diaphragm is working with an unfavourable muscle length during the exercise with rib 
cage restriction. With regard to the muscle force-length relationship, for a given force 
generated by the diaphragm at a shorter operation length, a greater diaphragmatic 
electrical excitation is required. Thus, a greater energy consumption of the diaphragm 
for a given ventilatory demand results. 
(2) A higher inspiratory flow rate associated with rib cage restriction during 
exercise reflects a greater velocity of diaphragmatic shortening. With regard to the 
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force-velocity relationship of muscle shortening (Beme & Levy, 1992, p.288), in 
order to maintain the original level of force generated at the increased velocity of 
volume displacement — that is, a given force generated at a higher velocity of 
diaphragmatic shortening ~ a greater diaphragmatic neural drive is necessary. As a 
result, the total energy consumption of the diaphragm increases during the exercise 
with rib cage restriction. 
(3) For a single contraction of inspiratory muscles, the total energy 
expenditure was the sum of the work done by muscle shortening and the heat 
produced during contraction. As the total power output in minute was the product of 
the breathing frequency and of the energy expenditure for a single contraction of the 
diaphragm, the increase in breathing frequency increases the total energy expenditure 
of the diaphragm per minute (Hussain & Pardy，1985). Moreover, the energy 
expenditure on the activation of the muscle for each contraction increases with an 
increasing frequency of contraction (Rall, 1980 ). Thus the increase in breathing 
frequency is one of the factors in increasing total energy expenditure of the diaphragm 
during the exercise with rib cage restriction. 
Summary of Review 
Previous studies showed that ventilatory reserve was small during prolonged 
heavy exercise, and the ability to sustain high ventilation during the exercise was one 
ofthe limiting factors of the exercise endurance. Theoretically, ventilatory muscle 
endurance training could improve prolonged heavy exercise endurance. Inspiratory 
muscle output increases as total respiratory elastance is increased with rib cage 
loading. Rib cage loading, thus, has great potential for development as a means of 
improving inspiratory muscle endurance. 
Rib cage loading in many studies was achieved by rib cage restriction or rib 
cage compression. The increased work of the diaphragm resulting from rib cage 
restriction may be relatively greater than that resutling from rib cage compression for 
meeting the given ventilatory demand. During rib cage restriction, rib cage expansion 
is limited at residual volume, and the ventilatory demand is met only by the 
diaphragmatic displacement alone. During rib cage compression, the respiratory 
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movement of the rib cage is impeded throughout its range of motion. Even though rib 
cage compression increases the rib cage elastance, the intercostal and accessory 
muscles have not been eliminated as inspiratory muscles, and their contractions for 
lifting up the rib cage can assist the diaphragm in its task. 
Rib cage loading increases elastance of the lungs and of the total respiratory 
system. It causes reductions in the expiratory reserve volume and inspiratory 
capacity. As a result, functional residual capacity, vital capacity, and total lung 
capacity are reduced. Nevertheless, residual volume is not likely to be affected by rib 
cage loading. 
The imposition of rib cage loading on conscious subjects causes a decrease in 
tidal volume, and an increase in breathing frequency with similar fractional reductions 
in inspiratory and expiratory times. As a result, minute ventilation is maintained. 
During short-term heavy exercise with rib cage loading, the inspiratory flow rate 
increases along with the increase in central inspiratory activity. Meanwhile, the 
unaltered alveolar CO2 tension during the exercise with rib cage loading indicates that 
the alveolar ventilation is adequate. Though the alveolar ventilation is adequate 
during rib cage loading, the arterial oxygen level is reduced due to the increase in 
nonventilated regions of the lungs resulting from the increased intrathoracic pressure. 
The increased intrathoracic pressure has not affected the arterial blood pressure. 
During rib cage loading, the increase in ventilatory muscle output and changes 
in breathing pattem are not likely to be caused by an increase in chemical drive. They 
are due to the sensation ofhindrance to rib cage expansion, rather than due to the 
pulmonary vagal reflex resulting from rib cage squeezing. The observed changes in 
respiratory durations and in ventilatory muscle output during rib cage loading are 
results ofthe extravagal proprioceptor-evoked response modulated by the cerebral 
cortex through the fusimotor-muscle spindle system. Although the diaphragm has a 
paucity of spindle organs and its displacement is not directly loaded during rib cage 
loading, the increase in diaphragmatic activity is likely to be a result of extravagal-
reflex response modulated by the cerebral cortex. 
Exercise endurance is reduced during short-term heavy exercise with rib cage 
restriction and it is attributed to the occurrence of the early onset ofdiaphragmatic 
fatigue. The occurrence of early onset of diaphragmatic fatigue is due to the 
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additional energy expenditure of the diaphragm. Such an increase in energy 
consumption of the diaphragm during the exercise with rib cage restriction is due to 
the following factors: (1) an increase in the degree of diaphragmatic shortening 
(muscle force-length relationship), (2) an increase in the velocity of inspiratory 
muscle contraction (muscle force-velocity relationship), and (3) an increase in the 
frequency of inspiratory muscle contraction. 
27 
METHODOLOGY 
Statement of Hypotheses 
Research Hypothesis 
The present study aimed to examine the hypothesis that during a prolonged 
heavy exercise on the cycle ergometer, a selected degree of rib cage compression 
generated by the inflation of a pressure vest on healthy young males could induce 
inspiratory muscle fatigue and reduce exercise endurance. 
Statistical Hypotheses 
The null hypotheses for exercise endurance and for the occurrence of 
inspiratory muscle fatigue have been formulated as follows: 
Exercise Endurance 
During prolonged heavy exercise, there should be no significant difference in 
subjects' mean exercise duration with and without rib cage compression. 
The Occurrence of Inspiratory Muscle Fatigue 
(1) In exercise endurance test without rib cage compression, there should be no 
significant difference in subjects' mean pre-exercise and post-exercise static 
maximum inspiratory pressure. 
(2) In exercise endurance test with rib cage compression, there should be no 
significant difference in subjects' mean pre-exercise and post-exercise static 
maximum inspiratory pressure. 
Operational Definitions of Variables 
Rib Cage Compression 
In the present study, rib cage compression was effected by the imposition of 
pressure on the rib cage by means of a pressure vest specially designed for the study. 
When the pressure vest was put on and the embedded semi-elastic pneumatic cuffs 
were inflated until the inflation reached a certain level that further expansion ofthese 
cuffs was restricted by an outer layer of inelastic denim. The air pressure inside the 
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cuffs was hence exerted indirectly on the rib cage through the reflected inelastic layer. 
An adjustable compressed air pump was used to inflate the cuffs, and the level of air 
pressure inside the cuffs was measured and kept constant. 
Total Respiratory Elastance 
Total respiratory elastance is the sum of the elastance of the lungs and of the 
chest wall. It is the reciprocal of total respiratory compliance, and is a measurement 
of the resistance of total respiratory system to distension. 
Subdivisions of Lung Volume 
The operational definition of each subdivision of lung volume is as follows: 
(1) Inspiratory vital capacity is the maximum volume of air inhaled from the point 
of maximum expiration. 
(2) Inspiratory capacity is the maximum volume of air that can be inhaled from 
the end-tidal expiratory level. 
(3) Expiratory reserve volume is the maximal volume of air that can be exhaled 
from the end-tidal expiratory level. 
(4) Inspiratory reserve volume is the maximal volume that can be inspired from 
end-tidal inspiration. 
(5) Functional residual capacity is the volume of gas in the lungs at the end-tidal 
expiratory level. 
(6) Residual volume is the volume of gas in the lungs at the end of a maximal 
expiration. 
(7) Total lung capacity is the volume of gas in the lungs at the end of a maximal 
inspiration. 
Exercise Performance of Prolonged Heavy Exercise 
In this study, subjects exercised on the cycle ergometer at a constant work rate 
that required 70% oftheir maximum oxygen consumption until exhaustion. Subjects' 
exercise performance referred to their exercise endurance capacity during the 
prolonged heavy cycle exercise. Exercise endurance capacity was measured in terms 
ofthe exercise duration; that is，the point of time when the required load was applied 
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to the point of time when subj ects failed to maintain the required pedal frequency 
twice within 30 seconds. 
Inspiratory Muscle Fatigue 
Inspiratory muscle fatigue is defined as the inability of the inspiratory muscles 
to continue to generate a given pleural pressure, and it invariably occurred with 
extreme ventilatory tasks (Bye et al., 1983). In this study, the occurrence of 
inspiratory muscle fatigue during prolonged heavy cycle exercise resulting from rib 
cage compression would be indicated by a relatively higher reduction in the post-
exercise maximum inspiratory pressure. Maximum inspiratory pressure was the peak 
static mouth pressure that could be generated when the airway was occluded during 
maximum forced inspiration. 
Respiratory Response 
(1) Minute ventilation is the total volume of air expired in one minute. 
(2) Breathing frequency is the number of respiratory cycles in one minute. 
(3) Inspiratory time is the duration of inspiratory flow during each respiratory cycle. 
(4) Expiratory time is the duration of expiratory flow during each respiratory cycle. 
(5) Peak inspiratory flow rate is the greatest amount of air flow (l.s"^) during each 
inspiration. 
(6) Tidal volume is the volume of air expired during each respiratory cycle. 
(7) Duty cycle is the ratio of the inspiratory time to the duration of the respiratory 
cycle. 
Oxygen Consumption 
Oxygen consumption is the amount of oxygen consumed by the body per 
minute. It is equal to the difference between the amount of oxygen inspired and the 
amount ofoxygen expired. The measurement of oxygen consumption was an indirect 
method in determining energy utilization at rest or while performing work (Fox, 1989, 
p. 66). 
Gas Exchange 
(1) Alveolar CO2 tension was indicated by the end-tidal CO2 tension. It is the peak 
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partial pressure of CO2 of the exhaled air during each expiration. 
(2) Arterial oxygen content is the percentage of the amount of oxygen actually 
combined with hemoglobin in the oxygen capacity (the maximum amount of 
oxygen that can be combined with hemoglobin per unit ofblood) ofhemoglobin . 
Heart Rate and Blood Pressure 
(1) Heart Rate is the frequency ofheart beat. 
(2) Diastolic blood pressure is the lowest arterial blood pressure of a cardiac cycle 
occurring during diastole of the heart. 
(3) Systolic blood pressure is the highest arterial blood pressure of a cardiac cycle 
occurring immediately after systole of the left ventricle of the heart. 
Subjects 
The subjects were seven male non-smokers who volunteered to take part in the 
study. They had been regularly participating in a variety of recreational activities (e.g. 
jogging, tennis) for at least two hours a week. The subjects had not participated in 
VMET before. Before they took part in the test for the study, they did not have any 
knowledge of respiratory experiments, except information on the protocol of the 
study, which was given to them verbally. 
Procedures 
Orientation 
Before the tests were conducted, all subjects had made two visits to the 
laboratory. During the first visit, the subjects were informed in detail of the purpose 
ofthe study, and of the objectives and procedures of each test. The study was 
approved by the Clinical Research Ethics Committee ofThe Chinese University of 
Hong Kong and all subjects were asked to sign a consent form (Appendix I). After 
that, a medical history assessment, and a physical examination (measurement ofbody 
height, body weight and forced spirometry) were taken. During the second visit, each 
subject was briefed on the testing procedures and shown the experimental equipment 
involved. They were given the instructions below to follow during the testing period: 
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(1) Subjects should not (a) participate in any physical training other than their regular 
physical activities, (b) take medication, or (c) use any kind of ergogenic aids. 
(2) To ensure that each subject would exercise under similar physical conditions, 
subjects should refrain from participation in strenuous physical activity at least 
one day before each test and should get sufficient sleep the night before the test 
was to be conducted. 
(3) Subjects should refrain from alcoholic beverage and from eating at least two hours 
before each test. 
Tests 
Test Arrangements 
Each subject was required to take five tests on five separate days. The 
measurements of subdivisions of lung volume and of total respiratory elastance 
without rib cage compression were conducted on the first day, while the same 
measurements with rib cage compression were conducted on the second day. All the 
measurements were conducted with the subject sitting on a cycle ergometer (Monark 
818, Sweden). The same cycle ergometer was also used for exercise tests. The 
incremental cycling test was conducted on the third day to determine the work rate for 
the following exercise endurance tests. The exercise endurance tests with and without 
rib cage compression were conducted separately on the last two days. 
In order to reduce the possible psychological interference on subjects' exercise 
endurance when the ‘harder, exercise test with rib cage compression was preceded by 
an ‘easier’ exercise test without rib cage compression, and vice versa (i.e. the order 
effect), those exercise endurance tests were conducted on each subject in random 
order on two separate days. 
To avoid training effect and the effect of muscle fatigue resulting from an 
exercise test, the incremental cycling test and the two endurance tests were conducted 
separately with at least three days apart. Moreover, the exercise tests for each subject 
were conducted in the same period of the day. 
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Instrumentation 
Imposition of Rib Cage Compression 
Rib cage compres s ion w a s genera ted by us ing a spec ia l ly-des igned p res su re 
vest (Figure 3.1). This vest was made by intergrating: (1) the design of the chest 
corset shown in the photograph in Caro et al.'s (1960) and Sybrecht et al.'s (1975) 
studies; and (2) the combined use of the inexpandable corset and pneumatic cuff 
described respectively in Hussain et al.'s (1985) and Nishino et al.'s (1992) studies. 
The pressure vest had a front piece and a back piece which could be fastened 
with the straps and plastic buckles sewed on the lateral sides under the arms to keep 
the vest in place and to minimize hindrance to the arm movement during exercise. 
The vest was made by sewing together two layers of inelastic denim, between which 
five semi-elastic pneumatic cuffs of different sizes and shapes were fixed (Figure 3.2). 
Each of the five cuffs was separately embedded with individual sewing around it. 
When the vest was wom and fastened on the chest and the cuffs were inflated, the 
expansion ofthese cuffs, restricted by the outer layer of inelastic denim, was limited 
to the space in the sewed-up area between the two layers of denim. The air pressure 
inside the inflated cuffs was therefore exerted on the rib cage indirectly through the 
reflected inelastic layer. The lower edge of the front piece of the vest had been 
trimmed according to the shape of the rib cage such that only the rib cage, and not the 
abdomen, would be wrapped by the vest. In other words, while the whole rib cage 
was compressed when the vest was inflated, the displacement of the abdomen would 
not be affected. 
After the subject had put on the deflated pressure vest and breathed at resting 
end-expiration, the front and back pieces of the vest were tied up and tightened by 
buckling up the lateral straps. An adjustable electric air pump was used to inflate the 
cuffs. The pressure inside the cuffs was then checked with a mercury-filled U-tube 
manometer. The pressure generated by the inflated pressure vest upon the rib cage 
was not measured. In order to ensure that the pressure (160 mmHg) applied to the 
vest was effectively transmitted to the rib cage, the pressure vest was fit to each 
subject's chest by carefully adjusting the tightness of the strapping. The cuffpressure 
was monitored throughout each test with the mercury manometer. 
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Figure 3.1. The (a) front piece, (b) back piece, and (c) lateral side ofthe pressure vest. 
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Methods of Measurement 
Forced Spirometry and Subdivisions of Lung Volume 
To ensure that all the subjects selected have normal pulmonary functions, 
subjects' forced vital capacity (FVC) and forced expired volume in one second 
(FEVi) were examined. 
Subdivisions of lung volume included: residual volume (RV), expiratory 
reserve volume (ERV), functional residual capacity (FRC), inspiratory capacity (IC), 
inspiratory reserve volume (IRV), inspiratory vital capacity (IVC), and total lung 
capacity (TLC). 
The forced spirometry and subdivisions oflung volume were measured using a 
10-liter water-sealed spirometer (Survey II, Warren E. Collins, MA) with the subject 
sitting on the cycle ergometer. The height of the seat of the cycle ergometer was 
adjusted to a level at which the subject's leg could fully extend when the heel ofthe 
foot was on the pedal at the bottom of the stroke. The handle of the cycle ergometer 
was adjusted to a position at which the subject felt comfortable (Adams, 1990, p. 48). 
The spirometer included a linear motion potentiometer which provided an output 
voltage corresponding to the movement of the spirometer bell. An input o f2 volts 
was supplied to the potentiometer of the spirometer, and the output voltage was sent 
directly to a thermal array recorder (TA11, Gould, Ohio) to record the change in the 
volume of gas in the spirometer bell. 
Before the measurement, the spirometer bell was filled with different volumes 
ofair. The different volumes of air recorded on the kymograph ofthe spirometer 
were used to calibrate the values recorded in the recorder. 
Forced Spirometry 
During the measurement, the subject was required to breathe in a closed-
breathing circuit. The setup of the closed-breathing circuit was as follows: an adult-
size mouthpiece was attached to a two-way non-rebreathing valve (2700, Hans 
Rudolph, Kansas). The inspiratory and expiratory ports of the valve were connected 
to a three-way stopcock (3400, Hans Rudolph, Kansas) by two ventilatory hoses. The 
three-way stopcock was connected to the spirometer. The two-way non-rebreathing 
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valve was attached to a movable iron stand, and thus the position of the valve during 
the measurement was adjustable. 
After the barometric pressure had been recorded, the spirometer bell was 
adjusted to about mid-position, and then the three-way stopcock was tumed to close 
the spirometer and to open the breathing circuit to the open air. The subject was 
instructed to fit the nose-clip on his nose and grip the mouthpiece between his teeth. 
After that, the subject breathed the open air normally through the breathing circuit. 
The chart speed of the recorder was set to 10 mm. sec]. When the breathing pattem 
became stable, the three-way stopcock was turned to close the breathing circuit and to 
connect it to the spirometer. The chart printing of the recorder was started. The 
tracing shown on the chart was the change in the volume of the gas in the spirometer 
bell, and the tracing indicated the change in lung volume as the subject breathed in a 
closed-breathing circuit. During inspiration, the volume of the gas in the spirometer 
was reduced and so the tracing on the chart ran downward. Conversely, the tracing 
ran upward during expiration. 
After one or two tidal breaths, the subject was instructed to inspire 
maximally. When the subject had reached the maximal inspiration, the tracing 
became horizontal. Then the subject was told to expire as rapidly and completely as 
possible. When the subject had reached the end of the maneuver (expiration to 
residual volume), the tracing became horizontal again. At this point, the subject was 
told to relax. Then, the chart printing was stopped and the temperature ofthe gas was 
measured by a thermometer installed at the entrance of the spirometer. 
Forced vital capacity and forced expired volume in one second were calculated 
from the FVC tracing recorded. The FVC was calculated by determining the vertical 
distance (volume change) between the horizontal portion of the tracing recorded 
during maximal inspiration and that recorded during maximal expiration. The FEVi 
was calculated by determining the vertical distance between the horizontal portion of 
the tracing recorded during maximal inspiration and the point ofone second after 
starting the expiration. 
The FVC measurement was repeated until at least three acceptable curves were 
produced (Wanger，1992, pp. 27-31). The values measured from the best two ofthese 
curves were not varied by more than ±50/0. The highest values in BTPS [body 
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temperature (37 °C), ambient pressure, and saturated with water vapor] of each 
parameter were used as the results of the measurement. 
Subdivisions ofLung Volume 
Expiratory reserve volume, inspiratory capacity and inspiratory reserve 
volume were calculated from the IVC tracing. The equipment and the setup of the 
breathing circuit for measuring IVC were the same as those used during the 
measurement of forced spirometry. The procedure for measuring the IVC was similar 
to that for measuring the FVC. When the subject breathed through a closed-breathing 
circuit, the IVC tracing was made by expiring maximally and then inspiring as 
completely as possible. Moreover, the tracings of the five to seven normal tidal 
breaths before the maximal expiration were also recorded on the chart. The vertical 
distance of the tracing: (1) from the average normal end-tidal expiratory level to the 
level of maximal expiration was the ERV; (2) from the average normal end-tidal 
expiratory level to the level of maximal inspiration was the IC; (3) from the average 
normal end-tidal inspiratory level to the level of maximal inspiration was the IRV. 
The acceptability criteria for the FVC test were also used in the test ofIVC. 
The highest values in BTPS of each parameter were used as the results of the 
measurement. 
Residual volume (RV) was measured by using the closed-circuit oxygen-
dilution method (Wilmore, 1969). The setup of the closed-breathing circuit was as 
follows: the above-mentioned 10-liter water-sealed spirometer was connected to a 
three-way stopcock (3400, Hans Rudolph, Kansas) by using a hose ofone meter in 
length. The stopcock was attached with a mouth piece, and they were fixed to a 
movable iron stand so that their position was adjustable during the measurement. The 
dead space ofthe breathing circuit was 1.7 1, which was found by filling the space 
with water. 
Before the measurement, the barometric pressure was recorded and the 
breathing circuit was flushed at least two times with pure oxygen. The spirometer 
was then filled with 5 1 ofpure oxygen. In order to unify the oxygen and carbon-
dioxide concentrations of the gas in the closed-breathing circuit, the gas in the 
spirometer was flushed into a vaccumed 10-liter rebreathing bag through the three-
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way stopcock and back to the spirometer for several times. After that, an sample gas 
was taken from the breathing circuit for analyzing the oxygen-concentration and the 
carbon-dioxide- concentration. They were analyzed by an applied electrochemistry 
oxygen analyzer (S-3A/I, Ametek, PA) and an infra-red carbon-dioxide analyzer (CD-
3A, Ametek, PA). Before any gas analysis, the gas analyzers were calibrated by using 
two standard gases with different oxygen and carbon-dioxide concentrations (O2： 
20.78%, CO2: 0.1%; O2： 15.92%, CO2: 5.01%), and the concentration ofsuch gases 
had been calibrated by using the micro-Scholander method. 
When the nose clip was firmly secured and the mouthpiece properly 
positioned, the subject breathed through the stopcock which was opened to the room 
air. After several breaths, the subject was instructed to perform a maximal expiration. 
Then the stopcock was turned to connect to the spirometer. The subject was then 
instructed to take five to seven deep breaths at a rate of about one breath in two 
seconds. Following these deep breaths, the subject was again told to expire 
maximally. At the end of the expiration, the stopcock was tumed to close the 
spirometer and to open to the room air. The temperature of the gas inside the 
spirometer was recorded and the mouthpiece was removed from the subject. In order 
to unify the oxygen and carbon dioxide concentrations of the gas in the closed-
breathing circuit, the above-mentioned method was repeated. The oxygen 
concentration and carbon dioxide concentration of the gas in the spirometer, which 
were assumed to be in equilibrium with those in the lungs, were analyzed. To 
calculate the residual volume, the following equation was used: 
RV = V X (b-a)/(c-b) 
RV-residual volume 
V-initial volume of gas in the closed-breathing circuit 
a _ percent nitrogen impurity of the original gas in the closed-breathing circuit 
b - percent nitrogen of mixed gas in the spirometer at the point of equilibrium 
c _ percent nitrogen in the alveolar air at the beginning of the test 
The RV measurement was repeated twice and the average value in BTPS was 
taken as the result. Functional residual capacity in BTPS was the sum ofthe residual 
volume and the expiratory reserve volume, and total lung capacity in BTPS was the 
sum ofthe residual volume and the inspiratory vital capacity. After the measurement 
ofthe subdivisions of lung volume without rib cage compression, the subject rested 
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for fifteen minutes, and then the procedures for measuring the subdivisions of lung 
volume were repeated with rib cage compression. 
Total Respiratory Elastance 
The weighted-spirometer method was used to measure the subjects' total 
respiratory elastance. This method is a non-invasive technique for measuring the 
relationship between the increase in functional residual capacity (FRC) resulting from 
weighted spirometer, and the corresponding increase in end-tidal mouth pressure 
during spontaneous breathing. High reproducibility of this method has been shown in 
Chemiack and Brown's (1965) study. Moreover, studies by Tepper et al. (1982) and 
by Berger and Burki (1982) showed that there was no significant difference between 
the value of total respiratory elastance of normal people measured by this method and 
that measured by esophageal balloon methods. However, in their study, Berger and 
Burki stated: 
PM]ot all tracings in an individual were acceptable for measurement, 
due to erratic changes in the FRC baseline; in the normal subjects, an 
average of 13.6 determinations was necessary to yield 10 acceptable 
tracings, whereas in the patients, 9.7 determinations were necessary to 
provide 5 acceptable tracings. Even so, 1 of 11 normal people subjects 
and 3 of 9 patients with lung disease could not provide any acceptable 
tracings. 
Although the total respiratory elastance of some people might be 
overestimated due to the contribution of the activity of the expiratory muscles during 
expiration (Berger and Burki, 1982), it is a simple, non-invasive method to measure 
the total respiratory elastance and this method has already been used in a previous 
study (DiMarco et al., 1981) for measuring the change of the total respiratory 
elastance of subjects during rib cage restriction. 
The equipment and the setup of the breathing circuit for measuring the total 
respiratory elastance were similar to those used during the measurement offorced 
spirometry. In order to avoid hypercapnia during the measurement, the expired gas 
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was led to pass through the carbon dioxide absorbent granules (Barium hydroxide 
lime) before entering thelO-liter water-sealed spirometer (Survey II, Warren E. 
Collins, MA). The mouth pressure was measured by a 土100 cmH2O differential 
pressure transducer (MP45-32-871, Validyne, Northridge, CA) at a side port on the 
mouthpiece. The differential pressure transducer contained a diaphragm with equal 
pressure on both sides. One side of the diaphragm was connected to the mouthpiece 
while the other side was connected to atmosphere. The pressure difference between 
the two sides of the diaphragm generated an electrical output. The electrical output 
was sent to a carrier demodulator (CD19, Validyne, Northridge, CA), where it was 
demodulated and amplified to provide DC output signals proportional to the pressure 
difference. The DC output was sent to the thermal array recorder (TA11, Gould, 
Ohio) and the change in mouth pressure during breathing was recorded. Before the 
measurement, the pressure tracing indicated on the thermal array recorder had been 
calibrated by applying given levels of pressure indicated by the mercury-filled U-tube 
manometer to the pressure transducers. 
At the beginning of the measurement, the subject was instructed to breathe 
through the breath circuit. The spirometer was closed at first so that the subject 
breathed the open air while he was sitting on the cycle ergometer. The height of the 
seat and the handle position of the cycle ergometer during the test were the same as 
those during the measurement of the subdivisions of lung volume. The subject was 
asked to close his eyes and breathe normally for about one minute. Then the chart 
printing ofthe recorder was started and the spirometer was opened and connected to 
the subject. The seated subject breathed quietly via the spirometer which contained 
pure oxygen. 
When the FRC was steady, a weight was placed on the top of the spirometer 
bell without informing the subject. This created a positive pressure inside the 
spirometer-lung system, and resulted in an increase in FRC. When the new FRC 
became steady, usually after 3 to 5 breaths, the following were recorded 
simultaneously on the recorder: (1) the difference between the original and the new 
end-tidal mouth pressure which was shown on the tracing of the mouth pressure; and 
(2) the difference between the original and the new FRC which was shown on the 
tracing of the gas volume in the spirometer bell (Appendix IV, Figure IV-I). 
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Meanwhile, the temperature of the gas inside the breathing circuit and the barometric 
pressure were also recorded. The above procedure was repeated if the pressure 
tracings could not be stablized and a steady FRC baseline could not be obtained. 
The volume changes resulting from the compression of the gas and the 
expansion of the elastic portion of the breathing circuit were measured at the end of 
the procedure for measuring the total respiratory elastance. During the imposition of 
the weight on the spirometer bell, the recorded FRC change was also brought about by 
such volume changes. Thus, the volume changes resulting from the compression of 
the gas and the expansion of the elastic portion of the breathing circuit needed to be 
subtracted from the recorded FRC change. The resulting value was then converted to 
BTPS. The changes in FRC resulting from eight different weights (ranging from 0.5 
kg to 4 kg with eight increments in 0.5 kg) were plotted against the associated changes 
in end-tidal mouth pressure. The elastance of the total respiratory system was the 
slope of the pressure-volume linear regression line. 
After the measurement of the total respiratory elastance without rib cage 
compression, the subject rested for fifteen minutes, and then the above procedure was 
repeated for measuring the total respiratory elastance with rib cage compression. 
Incremental Exercise Test on Cycle Ergometer 
To determine the workload for the cycle exercise endurance tests, the levels of 
oxygen consumption at given work rates were measured for each subject by having 
them perform an incremental exercise test on the cycle ergometer (Monark 818， 
Sweden). The modified McArdle et al.,s protocol (1973) was used in this study to 
elicit peak oxygen consumption during the incremental cycle exercise. 
During the test, the subject was instructed to breathe through an opened-
breathing circuit. The setup of the opened-breathing circuit was as follows: an adult-
size rubber mouthpiece was attached to a two-way non-rebreathing valve (2700, Hans 
Rudolph, Kansas). The valve was held by an adjustable valve balancer (RB2, Hans 
Rudolph, Kansas). The inspiratory and expiratory ports of the valve were each 
connected to a ventilatory hose. The ventilatory hoses were internally smooth 
(noncorrugated) flexible tubes. One hose connected the expiratory port ofthe valve to 
the Douglas bags for collecting the expired gas, while the other connected the 
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inspiratory port of the valve to a humidifier for humidifying and warming the inspired 
gas. The humidifier was a 45-liter steel water boiler with two openings on the cover. 
During the test, it was filled with 15 liters of water that was maintained at 40 ^C. The 
inspiratory hose was connected to one of the openings so that the inspired gas had to 
pass through the humidifier before entering the hose. The warm and humid inspired 
gas was used to minimize the feeling of dryness in the throat during the test. To 
ensure that the inspired gas was being humidified and warmed by the humidifier 
under high ventilation, the surface area inside the humidifer for humidifying and 
warming the inspired gas was increased by fixing steel plates vertically on the interior 
side of the cover. 
Before starting the incremental exercise test, the subject warmed up by 
following the warm-up protocol (Appendix II). The seat height and the handle 
position of the cycle ergometer during the test were the same as those during the 
measurement of the subdivisions oflung volume. After the subject completed the 
warm-up exercise, the position of the mouthpiece as well as the respiratory valve were 
adjusted to a situable height so that the subject did not need to bear the weight of the 
breathing apparatus. Three electrodes were attached on the subject's chest throughout 
the exercise test for measuring his heart rate with a electrocardiogram monitor 
(801971-03, LIFEPAK 6s, Washington). The electrocardiogram for heart rate 
measurement was recorded in lead 11. 
When the subject began to cycle at the prescribed pedal frequency, the load 
was increased, and as it was increased to the prescribed level, a timer was tumed on 
and the test protocol (Appendix II) was started. At the beginning of the test, the 
subject worked at 90 watts for four minutes. The work rate was then increased by 30 
watts every two minutes. The heart rate was recorded at the end of each minute, and 
the expired gas in the last minute of each level of work rate was collected with 
Douglas bags. The exercise was terminated when the pedal frequency could not be 
maintained and dropped to 50 rpm. During the test, the temperature of the laboratory 
was maintained at 23 °C within the range of ±1。匸，and the relative humidity was 
maintained below 60%. 
After the test, the volume of the gas in each bag was measured by driving the 
gas passing through a dry gas meter (Harvard) with a vaccum pump at a constant flow 
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rate. The reading from the dry gas meter had been checked before the test against 
different volumes of gas which had been measured by using thelO-liter water-sealed 
spirometer (Survey II, Warren E. Collins, MA), and a linear regression equation was 
obtained to correct the reading from the gas meter: 
The volume of gas passing through the gas meter 
= 0 . 2 2 + 0.976 X the reading from the gas meter. 
A thermometer adjacent to the Douglas bags was used to estimate the temperature of 
the expired gas in each Douglas bag. The volume of gas in each bag was corrected to 
STPD (standard conditions: temperature 0 °C, pressure 760 mmHg and no water 
vapor) and to minute ventilation at each given exercise period. The equipment and 
procedure for the analysis of oxygen and carbon dioxide concentrations of the expired 
gas inside the Douglas bags were the same as those described above in the section 
entitled “Forced Spirometry and Subdivision ofLung Volume." The oxygen 
consumption and the carbon dioxide production were calculated basing on Haldane 
transformation (Fox, 1989, p. 660). 
Prolonged Heavy Exercise Endurance Test Without Rib Cage 
Compression 
The exercise endurance test required the subject exercised on the cycle 
ergometer (Monark 818 Sweden) at a constant work rate at 70% of the maximal 
oxygen consumption until exhaustion. The pedal frequency was maintained at 
60 rpm. 
An opened-breathing circuit, which was used during the incremental cycle 
exercise test for measuring the minute ventilation and the oxygen consumption, was 
modified for measuring the additional parameters of respiratory response at rest and 
during the cycle exercise (Figure 3.3). 
During the test, the minute ventilation and the oxygen consumption were 
measured by using the Douglas bag method which had been described above in the 
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Figure 3.3. An open-breathing circuit. 
The breathing frequency, inspiratory time, expiratory time and inspiratory 
flow rate were measured with two sets of combination of the pneumotachograph 
(3813, Hans Rudolph, Kansas) and a ±2 cmH2O differential pressure transducer 
(MP45-14-871, Validyne，Northridge, CA), and were recorded breath-by-breath 
during the test. One set of the combination of the pneumotachograph and the 
differential pressure transducer was connected to the expiratory port of the breathing 
circuit for measuring the expiratory time and breathing frequency, while the other set 
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was connected to the inspiratory port for measuring the inspiratory time and peak 
inspiratory flow rate of each breath. 
When a flow passed through, there was a pressure difference between the two 
sides ofthe screen in the pneumotachograph. A carrier demodulator (CD19, 
Validyne, Northridge, CA) was used with the differential pressure transducer to 
provide DC output signals proportional to the flow rate. The DC output was sent to 
the thermal array recorder (TA11, Gould, Ohio) to record the flow rate. Before the 
test, the flow rate tracing shown on the recorder had been calibrated by applying the 
air flow with given levels of flow rate to each combination of pneumotachograph and 
pressure transducer. 
In order to prevent condensation inside the pneumotachograph during the test, 
an adaptable heat control (3850B, Han Rudolph, Kansas) was used. The temperature 
of the control for inspiratory and expiratory sides were set at 43 °C and 37 °C 
respectively. Two thermometers (model C, Edale, Cambridge) were fixed in the 
inspiratory port for measuring the temperature of the inspired gas before entering the 
pneumotachograph and that of the inspired gas just leaving the pneumotachograph. 
End-tidal carbon dioxide tension was monitored with an infra-red carbon-
dioxide analyzer (17515A, Vacumetrics, CA). Before the test, the carbon-dioxide 
analyzer was calibrated by using two standard gases with different carbon dioxide 
concentrations (0.1% and 5.01%). The concentration of the standard gases had 
already been calibrated by using the micro-Scholander method. A thermometer 
(model C, Edale, Cambridge) was fixed in the mouthpiece for measuring the mouth 
temperature. Assuming 100% water saturation, the mouth temperature could be used 
to determine the water vapour pressure of the expired gas for converting the reading 
ofthe end-tidal carbon dioxide concentration from percentage to partial pressure of 
the expired gas. 
Arterial oxygen content was monitored with a pulse oximeter P^-200E, 
Nellcor, CA). The sensor, placed on the index finger of the subject's left hand, 
measured the functional oxygen saturation of arterial hemoglobin by emitting two 
lights with different wavelengths. The functional arterial oxygen saturation was 
calculated with the N-200E from the amount of the two different lights being 
absorbed. According to the operational manual, the N-200E was automatically 
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calibrated each time when it was turned on, and the intensity of the emitting light in 
the sensor was adjusted automatically to compensate for the difference in tissue 
thickness. Cheng et al. (1988) found that there was no significant difference between 
the SaO2 measured by finger pulse oximeter (97.3 ±0.3 %) and that measured by 
arterial blood gas analysis (97 ±0.4 %). Mackenzie (1985) found that there was a high 
correlation (r = 0.96) between the values obtained from the finger pulse oximeter 
OSfellcor) and arterial blood gas analysis. Although the value of SaO2 might be 
affected by subjects' movement, pulse oximeter was an acceptable non-invasive 
method to measure the SaO2 during cycling exercise, and SaO2 had been measured 
successfully during incremental cycle ergometer tests with a similar oximeter (Biox 
II) in a previous study (D,urzo et al., 1985). 
During the exercise endurance test, the heart rate was monitored in the same 
way as described above in the section entitled "Incremental Exercise Test on Cycle 
Ergometer." The systolic and diastolic blood pressures were indirectly measured 
from the brachial artery of the subject's right arm by using the blood pressure monitor 
(412, Quinton, WA). 
Before the cycle exercise, the barometric pressure was recorded and the 
laboratory conditions (temperature and relative humidity) were kept the same as those 
during the incremental exercise test. The subject was instructed to sit quietly on the 
cycle ergometer and breathe through the breathing circuit for three minutes. The 
resting ventilation, oxygen consumption, breathing frequency, and tidal volume were 
measured for three minutes. The respiratory times and inspiratory flow rate were 
measured during the last minute of the period. The end-tidal carbon dioxide tension, 
arterial oxygen content, heart rate and arterial blood were measured within the last ten 
seconds of the last minute. 
After the resting period, the subject warmed up by following the warm-up 
protocol (Appendix III). The maximun inspiratory pressure (PImax) and maximum 
expiratory pressure (PEmax) were then measured with the subject sitting on the cycle 
ergometer and wearing the deflated pressure vest. The height of the seat and the 
handle position ofthe cycle ergometer were kept the same as those in the incremental 
cycle exercise test. The subject was instructed to breathe normally with an opened-
rubber scuba-type mouthpiece (Collins, MA) which was connected to a ±250 mmHg 
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differential pressure transducer (MP45-36-871, Validyne, Northridge, CA). After 
exhaling to residual volume, the opened-rubber scuba-type mouthpiece was closed by 
using the index finger to cover the opening, and then a maximum inspiratory effort 
was made against the occluded airway. The pressure generated inside the mouthpiece 
was the PImax and was recorded on the thermal array recorder (TA11, Gould, Ohio). 
The calibration of the pressure transducer was the same as those described above in 
the section entitled “Total Respiratory Elastance." During the PImax measurement, 
the subject was instructed to avoid collapsing the cheeks to prevent the generation of 
negative pressure by the upper airway muscles with the glottis closed. If there was an 
air leakage around the lips during the measurement, the procedure would be repeated 
until it was technically satisfactory. Three trials were made and the result of each trial 
was the peak value of the pressure tracing. 
The procedure for measuring the PEmax was similar to that for measuring the 
PImax. After inhaling to total lung capacity, a maximum expiratory effort was made 
against the occluded airway. Three trials were made and the result of each trial was 
the peak value of the pressure tracing. For both PImax and PEmax, among the values 
obtained from the three trials, the highest was used as the result. 
After measuring the pre-exercise PImax and PEmax, the subject began to cycle 
at the prescribed pedal frequency, and the load was increased to the prescribed level 
with three increments in three minutes (see Appendix III). The load increment was 30 
watts per minute. When the load was increased to the prescribed level, the timing 
machine was tumed on and the constant-load cycle exercise endurance test started. 
During the exercise, no indication of the time elapsed was given to the subject. The 
subject was encouraged to exercise until exhaustion. When he failed to maintain the 
required pedal frequency twice within 30 seconds, the exercise was terminated. 
During the cycle exercise, the first collection of the expired gas for measuring 
the minute ventilation (BTPS) and oxygen consumption was started at the beginning 
ofthe second minute ofthe exercise time and the collection period was one minute. 
The subsequent collections were done every two minutes. 
The mean values of peak inspiratory flow rate, inspiratory time and 
expiratory time in each period of expired gas collection were calculated from the 
breathing cycles that occurred in the last ten seconds of that period. The inspiratory 
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and expiratory times were the duration of the occurrence of the air flows in each 
breathing cycle. The peak inspiratory flow rate of each breathing cycle was the peak 
value of the inspiratory flow rate tracing. The breathing frequency was the number of 
occurrences ofexpiratory air flow during each period. The average tidal volume in 
BTPS in each period was calculated by dividing the minute ventilation (BTPS) with 
the breathing frequency. The temperature of the inspired gas before entering the 
pneumotachograph and that of the inspired gasjust leaving the pneumotachograph 
were recorded at the end of each period. The temperature of the inspired gas before 
entering the pneumotachograph was used to determine the inspired gas’ water vapour 
pressure, while the temperature of the inspired gasjust leaving the pneumotachograph 
was taken as the inspired gas temperature. They were recorded for correcting the peak 
inspiratory flow rate to BTPS. 
The end-tidal carbon-dioxide concentration, mouth temperature, arterial 
oxygen content, heart rate during each period of expired gas collection were recorded 
within the last ten second of that period. The systolic and diastolic blood pressures 
were recorded at the last ten second of every two periods. 
After the exercise was terminated, the measurements of maximun inspiratory 
pressure and maximum expiratory pressure were repeated within two minutes. 
Prolonged Heavy Exercise Endurance Test With Rib Cage Compression 
Before the exercise endurance test, the deflated pressure vest was put on. The 
rib cage compression was generated by inflating the pressure vest at a pressure of 160 
m m H g . The laboratory conditions were maintained as those mentioned above. The 
height ofthe seat and the position of the handle of the cycle ergometer were the same 
as those in the incremental cycle ergometer test. 
The subject started the exercise endurance test with rib cage compression by 
following the procedure given above in the section entitled "Prolonged Heavy 
Exercise Endurance Tests without Rib Cage Compression." The same measurements 
that were taken ofthe physiological changes in the cardiorespiratory system at rest 
and during the cycle exercise without rib cage compression were repeated during the 
exercise endurance tests with rib cage compression. 
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Assumptions 
In this study, interpretations of the test results were based on the following 
assumptions. 
Subdivisions of Lung Volume and Total Respiratory Elastance 
(1) During the measurement of inspiratory vital capacity, subjects were assumed to be 
applying maximum effort in each separate test. 
(2) During the measurement of residual volume, after the subject took five to seven 
deep breaths and then expired maximally to the spirometer, the oxygen and carbon 
dioxide concentrations of the gas in the spirometer were assumed to be in 
equilibrium with the gas in the lungs. 
(3) When the total respiratory elastance was measured by using the weighted-
spirometer method, the pattem of distension of the upper airway during the 
application of the positive pressure was assumed to be the same as that which 
occurred during spontaneous breathing. Moreover, the ventilatory muscles at end 
expiration were assumed to be completely relaxed during the positive-pressure 
breathing. 
(4) During the measurement of total respiratory elastance, the pressure elicited inside 
the mouthpiece during breathing was assumed to be the same as the mouth 
pressure. 
Respiratory Response and Exercise Performance 
(1) In order to examine the above-mentioned tests under a control situation, it was 
assumed that all subjects had followed the instructions given them during the 
laboratory visit. 
(2) Subjects were assumed to have applied maximun effort in each exercise test. 
(3) Each subject was assumed to have exercised in a similar emotional state in 
exercise endurance tests with and without rib cage compression. 
Static Maximum Inspiratory and Expiratory Pressures 
(1) During the measurement ofPImax，the maximum inspiratory effort for generating 
the PImax was assumed to have resulted from maximum inspiratory muscle 
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contraction only. 
(2) During the measurement ofPEmax, the maximum expiratory effort for generating 
the PEmax was assumed to have resulted from maximum expiratory muscle 
contraction only. 
(3) During the measurement of post-exercise PImax, the operating length of 
inspiratory muscles at residual volume for maximum inspiration was assumed to 
be the same as that during the measurement of pre-exercise PImax. 
(4) During the measurement of post-exercise PEmax, the operating length of 
expiratory muscles at total lung capacity for maximum expiration was assumed to 
be the same as that during the measurement of pre-exercise PEmax. 
Data Analysis 
In this study, the duration of cycle exercise without rib cage compression for 
each subject was divided into twenty periods (i.e. every five-percentage of the total 
exercise duration was taken as for one period). During each period of the cycle 
exercise without rib cage compression, the values of the parameters of the 
cardiorespiratory system were the last values of those parameters measured during 
that period. Such values of those parameters were compared with the values ofthose 
parameters measured at the isotimes during the same exercise with rib cage 
compression. 
Descriptive Statistics 
The means and standard deviations of subjects' physical characterictics (age, 
height, weight), forced spirometry (FVC, FEVi) and maximum oxygen consumption 
were calculated. 
The means and standard deviations of the following items with and without rib 
cage compression were calculated: 
(a) Total respiratory elastance and subdivisions oflung volume. 
(b) Exercise duration recorded in cycle exercise endurance test. 
(c) Pre-exercise and post-exercise maximum inspiratory pressures and maximum 
expiratory pressures. 
(d) Respiratory response (minute ventilation, tidal volume, breathing frequency, 
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inspiratory time, expiratory time, inspiratory flow rate) and oxygen consumption 
in each period of the exercise. 
(e) End-tidal carbon dioxide tension, arterial oxygen content, heart rate and arterial 
blood pressure in each period of the exercise. 
DependentfTest 
Dependent two-tailed t test was used to examine the following items. An 
alpha level of 0.05 was used for all statistical tests. 
(1) The mean differences in (a) subdivisions oflung volume, (b) total respiratory 
elastance, and (c) cycle exercise duration with and without rib cage compression. 
(2) The mean differences in (a) maximum inspiratory pressure and (b) maximum 
expiratory pressure measured before and after the cycle exercise with rib cage 
compression. 
(3) The mean differences in (a) maximum inspiratory pressure and (b) maximum 
expiratory pressure measured before and after the cycle exercise without rib cage 
compression. 
(4) The mean differences in (a) parameters of respiratory response, (b) oxygen 
consumption in each period with and without rib cage compression. 
(5) The mean differences in (a) end-tidal carbon dioxide tension, (b) arterial oxygen 
content, (c) heart rate, and (d) systolic and diastolic blood pressures in each period 
with and without rib cage compression. 
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RESULTS 
Physical Characteristics, Forced Spirometry and Maximal Aerobic 
Power of Subjects 
In this study, seven male volunteers aged 20-22 were studied. Physical 
characteristics, forced spirometry and maximal aerobic power of each subject were 
listed in Table 4.1. All subjects were non-smokers. Their forced spirometry were 
normal and none of them had a previous history of chronic respiratory, cardiovascular 
or neuromuscular disorders. The maximal aerobic power of subjects was indicated by 
• 
their maximal oxygen consumption (卯之隨).The peak oxygen consumption of each 
subject measured during the incremental exercise test on cycle ergometer was 
considered as the maximal oxygen consumption. The average maximal oxygen 
consumption of subjects showed that they were not trained persons but were 
physically active. 
Effects of Rib Cage Compression on Subdivisions of Lung volume 
and Total Respiratory Elastance 
As shown in Figure 4.1, when the external compression was imposed on 
subjects' rib cage at rest, the mean total lung capacity (TLC(con): 5.85 ±0.62 1 vs 
TLC(Rcc) ’ 4.51 ±0.71 1，p <0.05) was reduced. Since there was no significant change 
in mean inspiratory reserve volume (IRV(con): 1.79 ±0.32 1; IRV(Rcc): 1-96 ±0.33 1, p 
>0.05) and mean inspiratory capacity (IC(con): 2.53 ±0.31 1; IC(Rcc): 2.62 ±0.33 1, p 
>0.05), the reduction of total lung capacity was mainly due to the reductions in 
residual volume (RV(con): 1.47 ±0.22 1 vs RV(Rcc): 1.04 ±0.21 1, p <0.05) and in 
expiratory reserve volume (ERV(con): 1.85 ±0.22 1 vs ERV(Rcc): 0.84 ±0.26 1, p <0.05). 
The subdivisions oflung volume of each subject with and without rib cage 
compression are shown in Appendix IV, Table IV-I. 
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Table 4.1 
Phvsical Characteristics. Forced Spirometry and Maximal Aerobic Power of Subjects 
Subject“Age Height~Weight FVC F ^ ~ F E V i / F V C “ V ^ “ 
No. (yr) (cm) (kg) (liters) (liters) (%) (!.min'^ ) 
1 20 171.0 ^ 3^97 O 0 85^6 2^5 
2 20 175.8 61.0 4.84 4.45 92.0 2.63 
3 21 171.0 61.5 5.02 4.50 89.6 2.70 
4 21 170.0 62.5 4.84 3.54 73.2 2.96 
5 21 167.2 59.7 4.29 4.03 93.9 2.82 
6 22 166.5 57.2 3.52 3.08 87.5 3.32 
7 21 170.0 58.0 4.51 4.34 96.2 2.40 
Mean 20.86 170.21 60I 443 3 ^ 8^29 Isl 
± S D .69 3.04 2.08 .54 .57 7.58 .29 
Note. 一 
FVC is forced vital capacity. 
FEVj is forced expiratory volume in one second. 
m 
^O2max is maximum oxygen consumption. 
54 
140^ 
5' H ^ ^ | J 
I :曜• 
I . . ‘： PH 
I — i — 久 . r i • 
11 j ^ ^ ^ ^ ^ ^ ^ H l ^ ^ ^ S i k ^ ^ M * _ERV 
oJ K 二 Ah' ftVV,fe^a W ^ ^ B m • R V 
Control RCC 
Figure 4.1. Rib cage compression reduced subjects' mean expiratory reserve volume 
(ERV) and mean residual volume (RV) while causing no significant change in mean 
inspiratory capacity (IC). Bars, ±SD; Control, subdivisions oflung volume without 
rib cage compression; RCC, subdivisions oflung volume with rib cage compression; 
*p<0.05. 
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In this study, the total respiratory elastance of each subject was measured by 
using the weighted-spirometer method. In Figure 4.2, the lung volume changes of a 
representative subject (subject no. 7) resulting from different weights (0.5 kg - 4 kg) 
were plotted against the associated changes in his end-tidal mouth pressure. The total 
respiratory elastance ofthe subject was the slope of the pressure-volume linear 
regression line. As shown in Table 4.2, the mean total respiratory elastance of the 
subjects increased significantly (Ers(con): 9.31 ±0.94 cmH2O.l"^ vs Ers(Rcc): 20.52 
土1.12 cmH2O.l-1, p <0.05) with rib cage compression. 
Effects of Rib Cage Compression on Exercise Endurance 
Exercise endurance was measured in terms of the exercise duration. During 
the cycle exercise endurance tests, subjects were required to exercise on a cycle 
ergometer at a constant work rate which required 70% of their VO2max until 
exhaustion. The work rate for each subject during cycle exercise endurance test was 
determined by considering the levels of oxygen consumption at given work rates 
relative to the maximum oxygen consumption. The volumes of oxygen consumption 
ofeach subject at different work rates and their maximal oxygen consumption were 
measured during the incremental cycle exercise test which was conducted before the 
cycle exercise endurance tests. The work rates for subjects in cycle exercise 
endurance tests ranged from 96 to 144 watts. The levels of oxygen consumption of 
• 
subjects, which were the mean VO2 during steady state of the exercise without rib 
cage compression, ranged from 65.83 to 73.42 %VO2max5 and the mean oxygen 
consumption was 70.04 ±3.19 %V02max-
The cycle exercise durations with and without rib cage compression are shown 
in Appendix IV, Table IV-IL It showed that with rib cage compression (Figure 4.3), 
the mean exercise duration was reduced significantly (ex. duration(con): 48.22 ±15.49 
min vs ex. duration(Rcc): 18.09 ±4.18 min; t{6) = 5.85, p <0.05). The mean exercise 
duration recorded in the cycle exercise test with rib cage compression was only 37.5% 
ofthat recorded in the same test without rib cage compression. Such a significant 
56 
10 
^ 。 • :n 
a 81 o 
^ 
I � •• 
二 ¢1 
3 。 • 
p 
^ 4, o • 
t3 o . 
t4~l 
1 2_ ° • 
J o • o RCC 
0 . _ • CoMto)l 
0.0 .2 .4 .6 .S 1.0 
Lung Volume Change (Hter) 
Figure 4.2. The total respiratory elastance of a representative subject (subject no. 7), 
which was the slope of the pressure-volume linear regression line, increased from 10.7 
cmH2O.r^ (•) to 21.9 cmH2O.r^ (0) during rib cage compression at rest. 
57 
Table 4.2 
Effect ofRib Cage Compression on Total Respiratory Elastance 
SubjectNo. Ers (cmP^ar) 
Control R C C 
1 ^ i9!^ 丨 ~ 
2 8.43 20.64 
3 9.50 20.50 
4 8.10 21.90 
5 9.93 18.80 
6 9.86 20.24 
7 10.70 21.90 
Mean 93l 20Sl^ 
± S D 0.94 1.12 
Note. 一 
ERS is total respiratory elastance. 
Values in control-cohmms are measured with no rib cage compression imposed on 
subjects. 
Values in i^CC-columns are measured with rib cage compression imposed on subjects. 
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Figure 4.3. During all-out prolonged heavy cycle exercise, exercise endurance, which 
was indicated by the mean exercise duration, was reduced with rib cage compression. 
Bars, ±SD; Control, exercise without rib cage compression; RCC, exercise with rib 
cage compression; * p <0.05. 
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difference in mean exercise duration between the exercise with rib cage compression 
and the exercise without rib cage compression showed that rib cage compression 
reduced the exercise endurance during constant-load prolonged heavy exercise on 
cycle ergometer. Thus, the null hypothesis for exercise performance in this study was 
rejected. 
Effects of Rib Cage Compression on Ventilatory Muscle Function 
during the Cycle Exercise 
Inspiratory and expiratory muscle strengths were indicated by the peak values 
of static maximum inspiratory pressure (PImax) and of static maximum expiratory 
pressure (PEmax). In Figures 4.4 and 4.5, the mean post-exercise PImax and PEmax 
were compared with the mean pre-exercise PImax and PEmax. In cycle exercise 
endurance test without rib cage compression, there was no significant difference 
between the mean pre-exercise PImax and the mean post-exercise PImax 
(PImax(pre_ex): H5.9 ±14.98 cmH2O; PImax(post_ex): 122.04 ±14.12 cmH2O; t{6)= 
-1.56, p >0.05), and between the mean pre-exercise PEmax and the mean post-
exercise PEmax (PEmaX(pre.ex)： 125.7 ±23.98 cmH2O; PEmax(p。st_ex): 118.97 ±23.49 
cmH2O, p >0.05). As both inspiratory and expiratory muscle strengths were 
maintained, ventilatory muscle fatigue had not occurred during the cycle exercise 
endurance test without rib cage compression. 
In the same test with rib cage compression, although the residual volume and 
the total lung capacity were reduced, the mean pre-exercise PImax and PEmax were 
not changed significantly (p >0.05). However, during the test with rib cage 
compression, it was found that the mean post-exercise PImax reduced significantly in 
comparison with the mean pre-exercise PImax (PImax(pre_ex): 113.06 ±12.17 cmH2O 
vs PImax(post_ex): 91.1 ±11 cmH2O; t{6) = 8.01, p <0.05). The decrease in inspiratory 
muscle strength indicated that inspiratory muscle fatigue occurred during the cycle 
exercise with rib cage compression. The occurrence of inspiratory muscle fatigue 
showed that the imposition of rib cage compression during prolonged heavy exercise 
on cycle ergometer overloaded the inspiratory muscles. On the other hand, there was 
no significant difference(^  >0.05) between the mean post- exercise PEmax (120.7 
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Figure 4.4. No significant difference was found between pre- and post-exercise 
maximum inspiratory pressure (PImax) in the cycle exercise endurance test without 
rib cage compression. Significant reduction in post-exercise PImax was found in the 
same test with rib cage compression. Bars, ±SD; Control, exercise test without rib 
cage compression; RCC, exercise test with rib cage compression; * p <0.05. 
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Figure 4.5. No significant differences were found between pre-exercise maximum 
expiratory pressure (PEmax) and post-exercise maximum expiratory pressure in both 
cycle exercise endurance tests. Bars, ±SD. Abbreviations were as in Figure 4.4. 
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土15.2 cmH2O) and the mean pre-exercise PEmax (119.06 土17.31 cmH2O) in the cycle 
exercise endurance test with rib cage compression. The static maximum inspiratory 
pressure and the static maximum expiratory pressure of each subject before and after 
exercise, during both cycle exercise endurance tests, are shown in Appendix IV, Table 
IV-IIL 
As the significant difference between pre-exercise PImax and post-exercise 
PImax had been found in the cycle exercise endurance test with rib cage compression 
and as such a significant difference had not been found in the same test without rib 
cage compression, the null hypothesis for the occurrence of inspiratory muscle fatigue 
in the cycle exercise endurance test without rib cage compression was accepted, and 
the null hypothesis for the occurrence of inspiratory muscle fatigue in the same test 
with rib cage compression was rejected. The above findings in the cycle exercise 
endurance and in the static maximum inspiratory pressure showed that rib cage 
compression generated by inflation of a pressure vest on healthy young male subjects 
caused in them inspiratory muscles fatigue and reduced their exercise endurance 
during prolonged heavy exercise on a cycle ergometer. Thus, the research hypothesis 
of this study was accepted. 
Effects of Rib Cage Compression on Respiratory Response at 
Rest and during Exercise 
In this study, the duration of each subject's exercise without rib cage 
compression was divided into twenty periods, with every five-percentage ofthe 
exercise duration being taken as one period. During each period of the exercise, the 
values of selected parameters of the cardiorespiratory system were the last values of 
those parameters measured during that period. The values of selected 
cardiorespiratory parameters for each period during the exercise without rib cage 
compression and the values of those measured at the isotime during the same exercise 
with rib cage compression were compared. 
The respiratory response at rest and during the cycle exercise were indicated 
by the minute ventilation, breathing pattern, durations of inspiration and expiration, 
duty cycle and peak inspiratory flow rate. The means of each parameter during both 
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cycle exercise endurance tests are shown in Appendix IV, Table IV-IV and Table IV-
V. 
At rest, no significant difference was found between the mean minute 
ventilation with rib cage compression (9.54 ±2.44 l.min"^ ) and that without rib cage 
compression (10.06 土1.56 l.min'\ p >0.05). However, during the cycle exercise with 
rib cage compression, the mean minute ventilation for all periods were significantly 
higher than those measured during the isoperiods of the same exercise without rib 
cage compression (Figure 4.6, p <0.05). With rib cage compression, the subjects' 
mean minute ventilation for the period at exhaustion was 70.43 ±10.75 l.min"\ which 
was higher than that measured during the isoperiod (59.05 ±7.83 l.min"^  p <0.05) of 
the same exercise without rib cage compression. 
With rib cage compression at rest, no significant change was found in the 
mean tidal volume (Vx(con)- 0.77 ±0.17 1; Vi(Rcc): 0.63 ±0.26 1，p >0.05). During the 
cycle exercise, the mean tidal volume for all periods could no longer be maintained 
and reduced significantly (Figure 4.7, p <0.05). During the cycle exercise with rib 
cage compression, the subjects' mean tidal volume for the period at exhaustion was 
1.25 ±0.19 1, about 26% less than that measured during the isoperiod (1.7 ±0.24 1) of 
the same exercise without rib cage compression. 
The mean breathing frequency at rest with rib cage compression, which was 
unlike the tidal volume, increased significantly (fb(con): 13.57 ±6.02 b.min"^  vs f*b(Rcc): 
17.71 ±5.22 b.min_i, p <0.05). During the exercise with rib cage compression, the 
mean breathing frequency for each period also increased significantly (Figure 4.8, p 
<0.05). When subjects exercised with rib cage compression at exhaustion, the mean 
breathing frequency for that period was 56.29 ±10.26 b.min"^  which was higher than 
that measured during the isoperiod (35.43 ±7.04 b.min"\ p <0.05) of the same 
exercise without rib cage compression. 
At rest, the increase in breathing frequency resulting from rib cage 
compression was attributed to the reductions in both mean inspiratory time (-0.18 sec) 
and mean expiratory time (-1.01 sec) even though both reductions were not 
statistically significant (Figure 4.9, p >0.05). Furthermore, it was also found that the 
contribution of the reduction in mean expiratory time (-32.2%) to the increase in 
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Figure 4.6. The mean values of subjects' minute ventilation at rest and during the 
cycle exercise with rib cage compression and those without rib cage compression are 
shown. * p <0.05. 
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Figure 4.7. The mean values of subjects' tidal volume at rest and during the cycle 
exercise with rib cage compression and those without rib cage compression are 
shown. * p <0.05. 
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Figure 4.8. The mean values of subjects' breathing frequency at rest and during the 
cycle exercise with rib cage compression and those without rib cage compression are 
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mean expiratory time for the mean tidal volume for the period of the exercise with rib 
cage compression (0) at exhaustion and those for the isoperiod of the same exercise 
without rib cage compression (•) are shown. Bars, ±SD; * p <0.05. 
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(-10.1%). In the cycle exercise endurance test with rib cage compression, both mean 
inspiratory (T!) and expiratory times (Tg) for each period reduced significantly (p 
<0.05). As shown in Figure 4.9, the mean inspiratory and expiratory times for the 
period ofthe exercise with rib cage compression at exhaustion were 0.54 ±0.12 sec 
and 0.58 ±0.15 sec respectively. They were significantly less than those measured 
during the isoperiod (T!: 0.79 ±0.16 sec; T^: 0.93 ±0.21 sec, p <0.05 ) ofthe same 
exercise without rib cage compression. By comparing the reductions in both mean 
inspiratory and expiratory times at rest with those found during the exercise at 
exhaustion, it was found that there was an increase in the contribution of the reduction 
in mean inspiratory time to the increase in breathing frequency during the exercise. 
Nevertheless, the contribution of the reduction in mean expiratory time (-37.6%) to 
the increase in breathing frequency during the exercise was still greater than that of 
the reduction in mean inspiratory time (-31.6%). In fact, during the cycle exercise 
with rib cage compression, the mean duty cycle (Tj/Tx) of three of six periods 
increased significantly (Figure 4.10，p <0.05). 
As shown in Figure 4.11, the change in the mean value of subjects' peak 
inspiratory flow rate (IRFpeak) at rest with rib cage compression was not significant 
(IRFpeak(con): 0.92±0.2 l.min"^  IRFpeak(Rcc): 0.85 ±0.04 l.mm\p>0.05). However, by 
comparing the mean value of subjects' peak inspiratory flow rate for all periods of the 
cycle exercise with rib cage compression with those measured during the isoperiods of 
the same exercise without rib cage compression, the mean value of subjects' peak 
inspiratory flow rate for each period ofthe exercise with rib cage compression 
increased significantly (p <0.05). With rib cage compression at exhaustion, the mean 
value of subjects' peak inspiratory flow rate for that period (4.16 ±0.43 l.min"^ ) was 
26.4% higher than that measured during the isoperiod (3.29 ±0.471.min'^ ) of the same 
exercise without rib cage compression. 
Effects of Rib Cage Compression on Oxygen Consumption and 
Gas Exchange at Rest and during Exercise 
As shown in Figure 4.12, no significant change was found in mean oxygen 
consumption at rest with rib cage compression (VO2(con): 0.29 ±0.02 l.min'^  
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Figure 4.10. The mean values of subjects' duty cycle at rest and during the cycle 
exercise with rib cage compression and those without rib cage compression are 




• ^  - * * 1 
. S * * T T 
g 1 了》 o 7 T 二 4 _ 1 ., < •‘ T T T ^ ^ f o .. 7 T T 1 n- T 
<u * I T ：• - ^ “ T o 
n 1 i " n “ T ”… " ^ 3, � 1 } -“ - . . . 丄 - . -良 3_ o I I .. 丄丄..i 
lS I 
“ U T .b I ±SD C^  
g 11 I • With)ut RCC 
考 I iSD 
& o J o WithRCC 
i»t 20% 40% ¢0% 80n 100% 
Percentage ofExercise Duration during the Exercise without RCC 
Figure 4.11. The mean values of subjects' peak inspiratory flow rate at rest and during 
the cycle exercise with rib cage compression and those without rib cage compression 
are shown. * p <0.05. 
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Figure 4.12. The mean values of subjects' oxygen consumption at rest and during the 
cycle exercise with rib cage compression and those without rib cage compression are 
shown. * p <0.05. 
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consumption was also found in each period of the exercise with rib cage compression. 
The values ofthe mean oxygen consumption for each period of the exercise tests are 
shown in Appendix IV，Table IV-VI. The mean oxygen consumption for the period at 
exhaustion was 1.92 ±0.22 l.min"^  which was almost the same as that measured during 
the isoperiod of the same exercise without rib cage compression (1.92 ±0.28 l.min"^ p 
>0.05). Since the minute ventilation for each period of the exercise increased with rib 
• 
cage compression, the ventilatory equivalent [minute ventilation (Vg) / volume of 
• 
oxygen consumption (VO2)] for each period of the exercise with rib cage 
compression increased. 
There was no significant change in end-tidal carbon dioxide tension (PETCO2) 
at rest with rib cage compression (PETCO2(con): 40.39 ±2.11 mmHg; PETCO2(Rcc): 
40.66 ±3.04 m m H g , p >0.05). During the cycle exercise with rib cage compression, 
the mean end-tidal CO2 tension for each period decreased (Figure 4.13). However, 
the decreases in the levels of end-tidal CO2 tension were only found statistically 
significant (p <0.05) in the second and the fourth period of the exercise. The values of 
the mean end-tidal CO2 tension for each period of the exercise tests are shown in 
Appendix IV, Table IV-VI. When subjects exercised with rib cage compression at 
exhaustion, the mean end-tidal CO2 tension for that period was 36.35 ±3.7 m m H g 
which was slightly lower than that measured during the isoperiod of the same exercise 
without rib cage compression (39.72 ±3.71 mmHg). 
As shown in Figure 4.14, the mean arterial oxygen content at rest and during 
the exercise did not change (p >0.05) with rib cage compression. The values of the 
mean arterial oxygen content at rest and for each period of the exercise with and 
without rib cage compression are shown in Appendix IV, Table IV-VI. During the 
exercise with rib cage compression, the mean arterial oxygen content for the period at 
exhaustion was 95.57 ±1.81 % , which was almost the same as that measured during 
the isoperiod ofthe same exercise without rib cage compression (96.43 土1.13 %)• 
Effects of Rib Cage Compression on Heart Rate and Arterial Blood 
Pressure at Rest and during Exercise 
As shown in Figure 4.15, the mean resting heart rate (HR) was not affected by 
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Figure 4.13. The mean values of subjects' end-tidal CO2 tension at rest and during the 
cycle exercise with rib cage compression and those without rib cage compression are 
shown. * p <0.05. 
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Figure 4.14. The mean values of subjects' arterial oxygen content at rest and during 
the cycle exercise with rib cage compression and those without rib cage compression 
are shown. * p <0.05. 
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Figure 4.15. The mean values of subjects' heart rate at rest and during the cycle 
exercise with rib cage compression and those without rib cage compression are 
shown. * g <0.05. 
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the imposition of rib cage compression (HR(con): 78.57 土13.43 beats.min'^ ; HR(Rcc): 
81.29 土11.60 beats.mm\ p >0.05). Although the mean heart rates for all periods of 
the exercise with rib cage compression were slightly higher than those measured 
during the isoperiods of the same exercise without rib cage compression, the 
difference was not statistically significant. The values of the mean heart rate for each 
period of the exercise tests are shown in Appendix IV, Table IV-VII. With rib cage 
compression, the mean heart rate at exhaustion was 172.14 ±13.21 beats.min"\ which 
was not significantly different from that measured during the isoperiod of the exercise 
without rib cage compression (166 ±9.97 beats.min"^ p >0.05). 
The arterial blood pressure, which was indicated by the systolic and the 
diastolic blood pressures, was measured from the brachial artery of subjects' right 
arm. As shown in Figure 4.16, the systolic (SBP—): 123.57 土10.21 m mHg; 
SBP(Rcc)： 123.57 ±7.59 m m H g , p >0.05) and diastolic (DBP(con): 66.14 ±8.93 mmHg; 
DBP(Rcc): 70 ±12.2 m m H g , p >0.05) blood pressures at rest were not affected by rib 
cage compression. During the exercise with rib cage compression, the mean systolic 
blood pressure for each period increased significantly (^ <0.05). When subjects 
exercised with rib cage compression at exhaustion, the mean systolic blood pressure 
was 184.17 ±14.33 m m H g , which was significantly higher than that measured during 
the isoperiod of the same exercise without rib cage compression (161.17 ±8.26 
m m H g , p <0.05). Furthermore, in Figure 4.16, although the mean diastolic blood 
pressures for all periods of the exercise with rib cage compression were higher than 
those measured during the isoperiods of the same exercise without rib cage 
compression, the difference, except in the first period, was not statistically significant 
(p >0.05). When subjects exercised with rib cage compression at exhaustion, the 
mean diastolic blood pressure was 77.83 ±9.91 m m H g , which was not significant 
different from that measured at the isoperiod of the same exercise without rib cage 
compression (68.83 ±14.25 m m H g , p >0.05). The values of the mean systolic and 
diastolic blood pressures for each given period of the exercise tests are shown in 
Appendix IV, Table IV-VII. 
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Figure 4.16. The mean values of subjects' systolic and diastolic blood pressure at rest 
and during the cycle exercise with rib cage compression and those without rib cage 
compression are shown. * p <0.05. 
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DISCUSSION 
The Physical Changes in Respiratory System during Rib Cage 
Compression 
Subdivisions of Lung Volume 
In this study, the subdivisions of lung volume with and without rib cage 
compression were measured while the subject was sitting on the cycle ergometer. As 
shown in Figure 4.1, the imposition of external compression on subjects' rib cage 
reduced their total lung capacity. The reduction in total lung capacity was mainly 
caused by the reductions in residual volume and expiratory reserve volume. With rib 
cage compression, there was no significant change in inspiratory reserve volume and 
inspiratory capacity. 
Similar changes in the subdivisions of lung volume with chest compression 
were reported in Ting's (1961) study. With external compression produced by 
placing 10-lb. sandbags on subjects' chest to a total compressing weight of 100 lbs, 
Ting found that the reduction in expiratory reserve volume was relatively larger than 
that in vital capacity. In the present study, the imposition of external compression on 
the rib cage reduced the functional residual capacity and increased the total respiratory 
elastance (Figure 4.2). During maximum inspiration with rib cage compression, the 
increase in total respiratory elastance reduced the rib cage expansion at maximum 
intercostal and accessory muscle output; however, the inspiratory capacity was 
maintained. Such an insignificant change in inspiratory capacity showed that the 
magnitude of diaphragmatic displacement during maximum inspiration increased with 
rib cage compression. Nevertheless, it could not compensate the reduction in 
functional residual capacity; as a result, the total lung capacity reduced. 
The insignificant effects of rib cage compression on the inspiratory reserve 
volume and the inspiratory capacity were different from those found in previous 
studies of rib cage restriction (Caro et al., 1960; Sybrecht et al., 1975; Bardley and 
Anthonisen, 1980; Scheidt et al., 1981; Hussain et al., 1985). During rib cage 
restriction, rib cage expansion was restricted at residual volume by strapping the chest 
immediately after maximum expiration. Since rib cage expansion was totally 
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inhibited by chest strapping, the inspiratory action of the chest wall was done by 
diaphragmatic displacement alone. During maximum inspiration with rib cage 
restriction, even though the maximum diaphragmatic displacement might have 
occurred, the inspiratory capacity and the total lung capacity could not be maintained. 
The differences between the changes in the subdivisions of lung volume 
resulting from rib cage compression and those resulting from rib cage restriction 
indicate that the mechanism of these two external respiratory loads in overloading the 
inspiratory muscles are different. During rib cage compression, although rib cage 
elastance is increased, the external intercostals and accessory muscles had not been 
eliminated as inspiratory muscles and their contractions for lifting up the rib cage 
could assist the diaphragm to perform its task. However, during rib cage restriction, 
the inspiratory movement of the chest wall is produced by diaphragmatic 
displacement alone; as a result, for a given ventilatory demand, the increased work of 
the diaphragm resulting from rib cage restriction should be relatively greater than that 
during rib cage compression even though the respiratory load is not directly imposed 
on the diaphragm. 
Total Respiratory Elastance 
The total respiratory elastance of each subject at rest with and without rib cage 
compression was measured by using the weighted-spirometer method. The heaviest 
weight used was 4 kg when there was no imposition of rib cage compression. The 4-
kg weight imposed about 10 cmH2O positive pressure on the subject's respiratory 
system; as a result, about 1.1 1 lung volume increased from functional residual 
capacity. Since a high positive pressure imposed on subject's respiratory system 
would disturb the subject's spontaneous breathing, the highest increase in lung 
volume change was therefore less than the tidal volume usually found during the cycle 
exercises. Although the relationships between end-tidal mouth pressure change and 
lung volume change in tests with and without rib cage compression did not include 
the whole range oftidal volume during the cycle exercises, the observed change in the 
pressure-volume relationship resulting from rib cage compression indicated that the 
work of inspiratory muscles for increasing a given lung volume increased 
significantly. 
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As shown in Table 4.2, the mean total respiratory elastance increased with rib 
cage compression by more than two times of the normal value. Although previous 
studies seldom reported the change of total respiratory elastance resulting from 
inflating the pressure vest on the rib cage, the increase in total respiratory elastance 
was similar to that found in previous studies in which chest compression was effected 
by placing the weight on the chest. In Ting's (1961) study, the total respiratory 
compliance (reciprocal of elastance) with chest compression decreased to one-third of 
the normal value when 80 lbs of sandbags were being placed on the subjects' chest. 
Sharp et al. (1964) found that the total respiratory compliances (Crs) decreased when 
60 lbs of shot bags were being placed on either the upper chest (Crs(。^ ): 0.105 
l.cmH2O vs Crs(ioaded): 0-074 l.cmH2O, p <0.05) or the lower chest (Crs(ioaded): 0.063 
l.cmH2O, p <0.05). 
The weighted-spirometer method provided no information about the change in 
lung elastance during rib cage compression. Nevertheless, a previous study (Scheidt 
et al., 1981) showed that there was a significant correlation (r=0.79, p <0.01) between 
the reduction in total lung capacity and the increase in lung elastance. The increase in 
lung elastance resulting from breathing at a low lung volume was due to an increase in 
the surface tension of the alveolar lining (Sybrecht et al., 1975). As the reductions in 
total lung capacity and functional residual capacity were found with rib cage 
compression, the increase in total respiratory elastance was probably caused by the 
increases in thoracic elastance as well as in lung elastance. 
Reduction in Cycle Exercise Endurance with Rib Cage 
Compression 
As shown in Figure 4.3, during constant-load cycle exercise endurance test 
with exercise intensity at each subject's 70%V02max' rib cage compression reduced 
the exercise duration to one-third of the exercise duration found in the same test 
without rib cage compression. Although the effect of rib cage compression on 
exercise performance has seldom been reported in previous studies, similar results in 
exercise performance with other rib cage loading were found in previous studies. 
Ghesquiere et al. (1979) studied the limitation of work capacity with chest strapping 
in normal subjects, and found that physical performance reduced when the movement 
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of the rib cage was restricted. In Hussain et al.'s study (1985), similar detrimental 
effect on exercise endurance was found during all-out constant-load heavy exercise 
with rib cage strapping. In their study, the exercise time with rib cage strapping 
(approximately four minutes) was significantly shorter than that without rib cage 
strapping (approximately six minutes). 
Physiological Changes in Cardiorespiratory System and the Reduction 
in Exercise Endurance 
Respiratory Response 
With rib cage compression at rest, no significant change in minute ventilation 
was found in this study (Figure 4.6). However, the insignificant change in resting 
minute ventilation was not the same as that found in conscious subjects in previous 
studies (Agostoni et al., 1977; Nishino et al., 1992). In Nishino et al.'s study, it was 
found that the resting minute ventilation of conscious subjects increased significantly 
with chest compression (100 mmHg). The increase in minute ventilation during chest 
compresssion was mainly a result of the increase in breathing frequency. The increase 
in breathing frequency was due to the shortening ofboth inspiratory time and 
expiratory time. In the same study, similar chest compression was imposed on 
anesthetized subjects. Although the breathing frequency of anesthetized subjects 
increased with chest compression, no significant change was found in resting minute 
ventilation. Moreover, a reduction in only the expiratory time in the respiratory cycle 
was found in anesthetized subjects during chest compression. Obviously, the 
difference between conscious subjects and anesthetized subjects in the change in 
resting minute ventilation during chest compression was due to the consciousness 
factor. In other words, conscious subjects over-reacted to the sensation of loading 
resulting from the chest compression. 
In the present study, the insignificant change in resting minute ventilation and 
the altered pattem ofrespiratory times in breathing cycle during rib cage compression 
(Figure 4.9) were similar to those found in anesthetized subjects during chest 
compression in Nishino et al.'s (1992) study. The absence of a significant increase in 
resting minute ventilation with rib cage compression resulting from over-reaction to 
the increased sensation ofloading was probably due to the subjects' previous 
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experience in rib cage compression. In this study, before doing the cycle exercise 
endurance test with rib cage compression, subjects had already experienced rib cage 
compression generated by the inflated pressure vest in previous tests for the same 
study (tests for the measurement of subdivisions lung volume and total respiratory 
elastance with rib cage compression). 
During the cycle exercise with rib cage compression, the minute ventilation for 
all periods were higher than those measured during the isoperiods of the same exercise 
without rib cage compression. The increase in minute ventilation during the exercise 
with rib cage compression was in agreement with the study of Lopata & Pearle 
(1980) who found that subjects's minute ventilation increased with continuous elastic 
loading (19 cmH2O.l"^) during progressive hypercapnia. The increase in minute 
ventilation with the continuous elastic loading was significantly and positively 
correlated with the increase in breathing frequency (r = 0.83). Moreover, the 
increased breathing frequency during the loading resulted from the similar fractional 
reductions in inspiratory time and expiratory time. Poon's (1989) study showed that 
the minute ventilations during both eucapnic exercise and hypercapnic exercise 
reduced with the elastic load, which was only applied during the inspiratory phase 
(discontinuous elastic loading). Such a reduction in minute ventilation was 
accompanied by a decrease in breathing frequency and a simultaneous increase in 
inspiratory time and expiratory time. 
The findings from the above-mentioned studies showed that an increase in 
elastic recoil force of the respiratory system during expiration resulting from a 
continuous elastic loading shortened the inspiratory time and the expiratory times in 
each breathing cycle, and increased the reserve for increasing the breathing frequency. 
As a result, minute ventilation increased. In the present study, since rib cage 
compression was viewed as an uneven continuous elastic loading (Agostoni et al., 
1977), the increase in elastic recoil force of the respiratory system during expiration 
resulting from rib cage compression facilitated the increase in breathing frequency. 
Thus, even the tidal volume was reduced, the minute ventilation during the exercise 
with rib cage compression was overcompensated by the excessive increase in 
breathing frequency. 
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In the present study, the change in breathing pattem with rib cage compression 
was similar to that found in previous studies (Caro et al., 1960; Agostoni et al., 1977, 
DiMarco et al., 1981; Hussain & Pardy, 1985; Nishino et al., 1992). Such adjusted 
breathing pattem during the cycle exercise with rib cage compression was to minimize 
the increased perceived magnitude ofbreathing effort (Killian et al., 1985) so as to 
delay the occurrence of inspiratory muscle fatigue (Burdon et al., 1983) for meeting 
the ventilatory demand. The reduction in tidal volume during rib cage compression 
was due to mechanical restriction and was consistent with the findings in the studies 
ofPoon (1989) and Nishino et al. (1992). The increase in breathing frequency was the 
extravagal-reflex response which was modulated by the cerebral cortex through the 
fusimotor-muscle spindle system. Such a reflex response resulting from rib cage 
loading has been shown in previous studies (Shannon, 1975; Agostoni et al., 1977; 
DiMarco et al., 1981;Nishino et al., 1992). 
During the cycle exercise with rib cage compression, the altered breathing 
pattem was able to meet the ventilatory demand. Moreover, the absence of a 
significant increase in end-tidal carbon dioxide tension (Figure 4.13) indicated that 
carbon dioxide retention had not occurred at rest or during the cycle exercise with rib 
cage compression. In other words, the alveolar ventilation was adequate even though 
the breathing pattem changed. The unaltered alveolar carbon dioxide tension during 
the cycle exercise with rib cage compression is consistent with that found during the 
short-term constant-load heavy cycle exercise with rib cage restriction (Hussain et al., 
1985). Such unaltered alveolar carbon dioxide tension showed that the reduction in 
exercise endurance, which was similar to that reported in Hussain et al.'s (1985) 
study, was not due to carbon dioxide retention resulting from inadequate alveolar 
ventilation. In fact, in the present study, there was a small decrease in end-tidal 
carbon dioxide tension with rib cage compression throughout the exercise period. The 
small decrease in end-tidal carbon dioxide tension was attributed to hyperventilation 
which resulted from the excessive increase in breathing frequency. 
The insignificant change in arterial oxygen content (Figure 4.13) further 
showed that the alveolar ventilation was adequate during the exercise with rib cage 
compression even at exhaustion. In contrast, D'urzo et al. (1985) found that during 
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incremental cycle exercise with elastic loading at exhaustion, arterial oxygen content 
reduced with the occurrence of hypoventilation. 
In conclusion, the insignificant changes in end-tidal carbon dioxide tension 
and in arterial oxygen tension at exhaustion showed that the alveolar ventilation was 
adequate and should not cause the reduction in exercise endurance during the cycle 
exercise with rib cage compression. 
Oxygen Consumption 
In this study, there was no significant change in oxygen consumption during 
any given period of cycle exercise with rib cage compression (Figure 4.12). Such 
insignificant change in oxygen consumption during cycle exercise with rib cage 
compression showed that the reduction in cycle exercise endurance with rib cage 
compression was not due to the increase in the demand of the aerobic metabolism. 
Although previous studies seldom reported the effect of rib cage compression 
on oxygen consumption during exercise, the insignificant change in oxygen 
consumption with rib cage compression was similar to those found in previous studies 
with different types of respiratory load. Flook & Kelman's (1973) study showed that 
the level of oxygen consumption during the constant-load heavy (70% VO2max) 
exercise did not increased significantly with respiratory resistive loading. The 
independence of the increase in energy expenditure of respiratory muscles from 
aerobic metabolism might be due to the reduction in minute ventilation during the 
exercise with respiratory resistive loading. However, in D'urzo et al.'s (1985) study, 
during the incremental exercise with respiratory elastic loading, even though the 
minute ventilation maintained, the oxygen consumption did not increase with the 
respiratory elastic loading. Furthermore, in Marciniuk et al.'s (1994) study, even 
though the minute ventilation increased during the incremental cycle exercise with 
respiratory dead space loading, the additional energy expenditure of respiratory 
muscles was also independent of the aerobic metabolism as no significant change in 
oxygen consumption was found during the exercise. 
In fact, in this study, during the cycle exercise with rib cage compression, 
subjects exercised at a constant load with intensity at approximately 70% of their 
V02max' The cardiorespiratory system should have sufficient reserve for the 
inspiratory muscles to increase their work aerobically. Flook and Kelman (1973) 
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found that there were a small, but not statistically significant, increase in oxygen 
• 
consumption with increasing respiratory resistance during light (35% VO2max) and 
• 
moderate (50% VO2max) exercise. However, in the present study, during the exercise 
with rib cage compression, the unchanged oxygen consumption and the early onset of 
inspiratory muscle fatigue suggested that the additional energy expenditure of 
inspiratory muscles was likely to have resulted from the anaerobic metabolism in 
inspiratory muscles. Eldridge's study (1966) showed that anaerobic metabolism could 
take place in respiratory muscles. The dominance of the anaerobic metabolism in 
inspiratory muscles during the exercise with rib cage compression was probably due 
to the mismatch between the rate of aerobic energy production and the rapid increase 
in energy expenditure of inspiratory muscles. 
Although the open-circuit method for the determination of oxygen 
consumption cannot precisely measure the change in oxygen consumption of 
inspiratory muscles during the exercise with rib cage compression, the insignificant 
change in oxygen consumption showed that the demand for the aerobic metabolism 
for the exercise did not increase greatly during the cycle exercise with rib cage 
compression. The insignificant changes in oxygen consumption and in arterial 
oxygen content at exhaustion during the exercise with rib cage compression further 
showed that the aerobic metabolism for providing energy was not affected. In 
conclusion, the reduction in exercise endurance should not be attributed to the (1) 
increase in demand of the aerobic metabolism, (2) detriment of aerobic metabolism 
resulting from rib cage compression during the cycle exercise. 
Cardiovascular Function 
In this study, during the cycle exercise with rib cage compression, the alveolar 
ventilation was adequate and there was no significant change in arterial oxygen 
content and oxygen consumption. The similarity in the levels of oxygen consumption 
with and without rib cage compresion during the cycle exercise should not be 
attributed to the limitation of increase in cardiac output resulting from mechanical 
compression. This was because previous studies (Flook & Kelman, 1973; D'urzo et 
al., 1985; Marciniuk et al., 1994) showed that during respiratory loading, 
subjects'oxygen consumption at rest and during exercise had no significant change 
even though there was no mechanical compression imposed on their rib cage. 
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According to the Fick equation for measuring cardiac output (Beme & Levy, 1992, p. 
556): 
cardiac output (1 ofblood.min"^) = volume of oxygen uptake (ml.min"^ )/ 
[arterial oxygen concentration (ml of O2.l"^  ofblood) - mixed venous oxygen 
concentration (ml of O2.l"^  ofblood):. 
The insignificant changes in arterial oxygen content and oxygen consumption further 
showed that the cardiac output was adequate during the exercise with rib cage 
compression. 
In the present study, there was a small, but not statistically significant，increase 
in heart rate at rest and during the cycle exercise with rib cage compression (Figure 
4.14). Since the cardiac output is the product of stroke volume and heart rate, the 
small increase in heart rate with rib cage compression might have resulted from the 
small reduction in stroke volume. It was because the increase in intrathoracic pressure 
resulting from rib cage compression increased the diastolic pressure of the right 
ventricle during the filling phase, and hence reduced venous retum to it. The 
reduction in venous retum reduced the stroke volume and caused a decrease in cardiac 
output and in arterial blood pressure. The reduction in arterial blood pressure reflexly 
elicit an increase in the heart rate and vasoconstriction via the baroreceptors locate in 
the aortic arch and carotid sinuses; as a result, the cardiac output and the arterial blood 
pressure are maintained (Beme & Levy, 1992, p. 420, 486). 
However, the systolic blood pressure during the cycle exercise was not only 
maintained but increased significantly with rib cage compression. Moreover, 
although there was no significant increase in diastolic blood pressure during the 
exercise with rib cage compression at exhaustion, the diastolic blood pressure 
increased slightly throughout the exercise. Since the arterial baroreceptors played a 
role in maintaining the cardiac output and the arterial blood pressure during the 
exercise with rib cage compression, the baroreceptor reflex response was not likely to 
cause the significant increase in arterial blood pressure. The significant increase in 
arterial blood pressure and the slighty increase in heart rate might have resulted from 
the respiratory cardiac arrhythmia which was induced by an interaction between the 
respiratory area and cardiovascular area in the medulla oblongata. Beme and Levy 
(1992，p. 422) have mentioned previous heart-lung bypass experiments that rhythmic 
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movements of the rib cage resulting from different levels of activity of the medullary 
respiratory area were often accompanied by rhythmic changes in the heart rate. Fox et 
al. (1989, p.280) have stated that during the exercise, as the descending impulses from 
the higher motor cortex and the ascending impulses from the active muscles to the 
respiratory area and cardiovascular area were of the same magnitude, the magnitude 
and timing of the responses elicited from the respiratory area and the cardiovascular 
area were coordinated and matched. During the cycle exercise with rib cage 
compression, the additional descending impulses from higher motor cortex and the 
additional ascending impulses from the chest wall mechanoreceptors receptors, which 
increased the activity level of the respiratory area, simultaneously increased the 
activity level of the cardiovascular area. As a result, the arterial blood pressure and 
heart rate increased with an additional increase in sympathetic activity to the heart and 
to the blood vessels. 
During the cycle exercise, rib cage compression did not cause the reductions in 
cardiac output and in arterial blood pressure. Such findings showed that there was no 
deterimental effect of rib cage compression on either cardiac output or arterial blood 
pressure. Thus, the reduction in the cycle exercise endurance with rib cage 
compression was not due to the impairment of the function of the cardiovascular 
system. 
Inspiratory Muscle Function 
In the present study, all subjects have complained that they found it difficult to 
breathe during the cycle exercise with rib cage compression, and that the severe 
sensation ofbreathlessness stopped them from continuing the exercise even though 
they felt that they had sufficient power in their lower limbs to carry on. Some of the 
subjects also complained about pain and discomfort on the anterior side of the rib cage 
during inspiration. Although the breathing effort of the subjects during the cycle 
exercise endurance tests was not examined, subjects' breathing perception 
immediately after the exercise provided some information about the role of inspiratory 
muscles in the reduction of exercise endurance with rib cage compression. 
Static maximum inspiratory pressure and static maximum expiratory 
pressures, which were used to indicate the inspiratory and expiratory muscle 
strengths, were measured before and after the cycle exercise with and without rib cage 
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compression. Although subjects were required to exercise at 70% maximal aerobic 
power on cycle ergometer until exhaustion, ventilatory muscle fatigue was not found 
during the exercise without rib cage compression (Figure 4.4 & 4.5). However, 
during the cycle exercise with rib cage compression, the significant reduction in post-
exercise inspiratory muscle strength, but not in post-exercise expiratory muscle 
strength, showed that rib cage compression overloaded the inspiratory muscles and 
caused fatigue in them during the cycle exercise. Similar effects of rib cage restriction 
on the diaphragm during short-term constant-load heavy exercise was also found in 
Hussain & Pardy's (1985) study. In their study, the occurrence of inspiratory muscle 
fatigue was indicated by a progressive reduction of the high/low ratio of 
diaphragmatic electromyogram during the exercise, and by the difference between 
pre-exercise maximum transdiaphragmatic pressure (202 ±6 cmH2O) and post-
exercise maximum transdiaphragmatic pressure (162 土12 cmH2O, p <0.05). 
This study did not measure pre-exercise and post-exercise transdiaphragmatic 
pressures, or the electromyogram activities of the diaphragm, intercostal and 
accessory muscles during the exercise with rib cage compression. With only the 
observation of the reduction in post-exercise maximum inspiratory pressure, we could 
not draw definite conclusion about the level of deterioration of the function of each 
inspiratory muscle group during the exercise. In other words, it was not known 
whether the reduction of post-exercise maximum inspiratory pressure during the 
exercise with rib cage compression was due to fatigue in all inspiratory muscle groups 
or to fatigue in only some of them. Moreover, we could not be sure whether the 
inspiratory muscle fatigue was central or peripheral. 
In Hussain et al.'s (1985) study, during the exercise with rib cage restriction, 
the tidal volume was effected by the diaphragmatic displacement alone. In order to 
meet the ventilatory demand, the diaphragm had to perform the whole task and could 
no longer depend on assistance from the intercostal and accessory muscles (Hussain et 
al., 1985). As a result, the work rate of the diaphragm increased severely and 
diaphragmatic fatigue occurred. During and after the cycle exercise with rib cage 
restriction, subjects complained about dull pain in the subcostal region. The 
occurrence of diaphragmatic fatigue, which was similar to the occurrence of local 
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muscle fatigue of the quadriceps during uphill cycling exercise, caused a painful 
feeling in the subjects and deteriorated their exercise endurance. 
In the present study, no complaint was made by the subjects of dull pain in the 
subcostal region during and after the cycle exercise with rib cage compression. This 
could be because the imposition of rib cage compression during the cycle exercise had 
not restricted the rib cage expansion at residual volume but had increased the rib cage 
elastance. Although the work required for the external intercostals and accessory 
muscles to increase the lung volume to the given level increased, they had not been 
eliminated as inspiratory muscles and their contractions for lifting up the rib cage 
could assist the diaphragm to perform its task. Nevertheless, when the inspiratory 
movement was impeded with rib cage compression, an imbalance between the 
demand for the shortening of intercostal and accessory muscles and the actual degree 
of shortening was perceived consciously by the cerebral cortex through the spindle 
afferent signals (Berne & Levy, 1992, p. 605). These signals were emitted by the 
mechanoreceptors, which include the spindles and tendon organs in the intercostal 
muscles, and by the joint receptors in the rib cage (Shannon, 1975). As a result, the 
sensation ofbreathlessness emerged. During the cycle exercise with rib cage 
compression, when the inspiratory muscles reached the state of fatigue, the imbalance 
was augmented between the demand for the shortening of intercostal and accessory 
muscles and the actual degree of shortening, and the sensation ofbreathlessness 
became so severe that the subjects could no longer continue their cycle exercise. 
Factors contributing to the occurrence of inspiratory muscle fatigue 
According to Otis's (1964) study, the mechanical work done during a 
breathing cycle is mainly the sum of 1) all elastic work during inspiration; 2) all flow-
resistive work except that done by the stored elastic energy; and 3) all negative work 
done by the respiratory muscles. The increased total respiratory elastance resulting 
from rib cage compression during the cycle exercise increased the elastic work of 
inspiratory muscles during each inspiration. Previous studies showed that the 
reduction in tidal volume could minimize the increase in elastic work of inspiratory 
muscles in one breathing cycle so as to minimize the increased perceived magnitude 
ofbreathing effort (Killian et al., 1985) and to delay the onset of inspiratory muscle 
fatigue (Burdon et al., 1983). However, the increase in breathing frequency with rib 
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cage compression during the cycle exercise did increase the work rate (the product of 
the total energy expenditure for a single breath and breathing frequency) of inspiratory 
muscles. Furthermore, since part of the total energy expenditure of inspiratory 
muscles for a single contraction was to cover the heat loss resulting from the 
metabolic reactions for releasing and uptake of calcium ions by sarcoplasmic 
reticulum (Homsher et al., 1972), increasing the breathing frequency with rib cage 
compression for a given period would augment the total amount ofheat loss and 
hence also the total energy expenditure of inspiratory muscles during that period. An 
increase in the work rate of inspiratory muscles with rib cage compression during the 
cycle exercise was probably one of the causes for the early onset of inspiratory muscle 
fatigue. 
Rib cage compression, which is a continuous elastic loading, increased the 
elastic potential energy in the respiratory system during inspiration (Poon, 1987). As 
rib cage compression was not likely to increase the flow resistance during expiration, 
the increased elastic potential energy was greater than that required to overcome the 
flow resistance during expiration. As a result, the inspiratory muscles had to contract 
eccentrically during the early part of each expiration to counteract the excess recoil 
force (Otis, 1964). Such additional negative work of inspiratory muscles for a given 
period increased with increasing breathing frequency. Furthermore, it was found that 
the duty cycle (T! /Tj) increased significantly in three of six given periods (Figure 
4.10) during the cycle exercise with rib cage compression. Since the expiratory time 
during one breathing cycle is a period for the inspiratory muscles to recover 
(Grassino, 1986), the shortening of the expiratory time and the additional negative 
work of inspiratory muscles resulting from rib cage compression during each 
expiration caused the early onset of inspiratory muscle fatigue during the exercise. 
Bellemare & Grassino,s (1982) study showed that the critical diaphragm 
tension-time index (TTdi = Pdi/ Pdi^ ax- 丁1 /Tj), which was the diaphragmatic fatigue 
threshold, was 0.15 at rest with loaded breathing. Hussain & Pardy,s (1985) study 
further showed that the critical TTdi during exercise with rib cage restriction was 
reduced to 0.06 ±0.02 (SE). If there had been no decrease in the ratio between the 
mean transdiaphragmatic pressure during inspiration (Pdi) and the maximum 
transdiaphragmatic pressure (Pdimax) during the cycle exercise with rib cage 
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compression, the increase in T! /Tj resulting from rib cage compression might have 
caused the diaphragm TTdi during the exercise to exceed the diaphragmatic fatigue 
threshold; as a result, diaphragmatic fatigue occurred. 
During the cycle exercise with rib cage compression, the increase in peak 
inspiratory flow rate (Figure 4.11) was consistent with those in Hussain & Pardy,s 
(1985) study. Higher inspiratory flow rate during the cycle exercise with rib cage 
compression reflected that a greater velocity of inspiratory muscle shortening existed. 
Previous studies (Fry & Hyatt, 1960; Hyatt & Flath，1966) showed that the ability of 
the inspiratory muscle to generate pressure declined as inspiratory flow rate increased. 
Agostoni & Fenn (1960) found that maximum transdiaphragmatic pressure at flow of 
about 3 l.sec_i was about 30% smaller than that measured statically. In Leblanc et 
al.'s (1988) study, it was found that the dynamic capacity of inspiratory muscles to 
generate esophageal pressure declined by a 5 ±0.35 (SE) % from the static pressure at 
any lung volume for every liter per second increase in inspiratory flow rate. 
Moreover, in the same study, it was found that during maximum exercise with 
inspiratory flow rate at 5.4 l.sec], the dynamic capacity of inspiratory muscles to 
generate esophageal pressure declined from 126 cmH2O measured statically at FRC to 
91 cmH2O measured at peak inspiratory pressure. In Hussain & Pardy,s (1985) study, 
during exercise with rib cage restriction, the increase in inspiratory flow rate reduced 
the force reserve of the diaphragm and resulted in a reduction of the critical 
diaphragm TTdi (diaphragmatic fatigue threshold). With regard to the force-velocity 
relationship of muscle shortening (Beme & Levy, 1992, p. 288), in order to maintain 
the original level of force generated at the increased velocity of inspiratory muscle 
shortening, a greater neural drive for inspiratory muscles was necessary (Agostoni & 
Fenn, 1960; Goldman et al., 1978). As a result, the total energy expenditure of 
inspiratory muscles increased. Abbot & Bigland's (1953) study showed that muscle 
oxygen consumption increased rapidly with increasing velocities of shortening at 
constant force. The increase in total energy expenditure resulting from the increase in 
inspiratory flow rate could partly explain the early onset of inspiratory muscle fatigue 
during the cycle exercise with rib cage compression. 
In Hussain & Pardy，s (1985) study, during the exercise with rib cage 
restriction, a greater neural drive of diaphragm (Edi) for generating a given force was 
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not only due to the increase in inspiratory flow rate, but also due to the increase in 
diaphragmatic shortening. With rib cage restriction, the chest wall displacement 
during inspiration was done by the diaphragmatic displacement alone. In order to 
compensate the reduction in rib cage expansion, the magnitude of diaphragmatic 
displacement increased. The greater magnitude of diaphragmatic displacement was 
associated with greater degree of diaphragmatic shortening. In Hussain & Pardy's 
study, Green et al. (1974) was quoted: the restriction of rib cage expansion was 
associated with the flattening of the diaphragm. With regard to the muscle force-
length relationship, for a given force generated by the diaphragm at a shorter 
operating length, a greater diaphragmatic electrical excitation was required (Beme & 
Levy, 1992, p. 288). Although the imposition of rib cage compression in the present 
study had not restricted the rib cage expansion at residual volume, the increased rib 
cage elastance increased the contribution of diaphragmatic displacement to a given 
tidal volume during inspiration. Moreover, the mechanical compression imposed on 
the rib cage was also likely to flatten the diaphragm. As a result, the diaphragm, 
during the exercise with rib cage compression, was working with an unfavourable 
muscle length. In fact, the situation could be worse than that. During inspiration, the 
flattened diaphragm resulting from rib cage compression might have an expiratory 
action by pulling inward the lateral diameter of the lowermost ribs instead of lifting 
them up (Macklem et al., 1983). The unfavourable diaphragmatic length and the 
expiratory action exerted by the flattened diaphragm resulting from rib cage 
compression during inspiration reduced the efficiency of the diaphragm and caused 
the early onset of diaphragmatic fatigue during the cycle exercise. 
In Hussain & Pardy's (1985) study, diaphragmatic fatigue, which caused a 
severe sensation ofbreathlessness and a dull pain in the subcostal region, was viewed 
as one of the factors for the reduction in exercise endurance. In fact, Martin et al. 
(1982) demonstrated that exercise performance decreased with ventilatory muscle 
fatigue. Such a change in exercise performance was also found in Mador & 
Acevedo's (1991) study. Since previous studies suggested that the endurance of 
ventilatory muscles was one of the limiting factors to the prolonged heavy exercise 
endurance (Boutellier & Piwko，1992; Boutellier et al.，1992), any deterioration of 
ventilatory muscle function during the exercise will reduce the exercise endurance. 
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Thus, in the present study, the reduction in the cycle exercise endurance with rib cage 
compression could be partly explained by the occurrence of inspiratory muscle 
fatigue. 
Conclusion 
In the present study, a specific pressure (160 nunHg), which was generated by 
inflation of the pressure vest, was imposed on the subject's rib cage. During rib cage 
compression, the total respiratory elastance increased while the total lung capacity 
reduced. The reduction in the total lung capacity was due to reductions in expiratory 
reserve volume and in residual volume. The change in the inspiratory capacity during 
rib cage compression was not significant. It showed that even though rib cage 
elastance increased with rib cage compression, the intercostal and accessory muscles 
had not been eliminated as inspiratory muscles and their contractions for lifting up the 
rib cage could assist the diaphragm to perform its task. 
During the cycle exercise with rib cage compression, the exercise endurance 
time was reduced to one-third of the control test. 
During the cycle exercise with rib cage compression, the insignificant changes 
in arterial oxygen content, alveolar carbon dioxide tension and oxygen consumption 
showed that the reduction in exercise endurance could not be attributed to (1) the 
inadequate alveolar ventilation, (2) the increase in the demand for aerobic metabolism, 
and (3) the detriment of aerobic metabolism resulting from rib cage compression 
during the cycle exercise. 
The significant increase in arterial blood pressure and the small increase in 
heart rate during the cycle exercise with rib cage compression might have resulted 
from the baroreceptor reflex and from the respiratory cardiac arrhythmia. Since there 
was no deterimental effect of rib cage compression on cardiac output and on arterial 
blood pressure during the exercise, the reduction in exercise endurance could not be 
attributed to the impairment of the function of the cardiovascular system. 
During the cycle exercise with rib cage compression, inspiratory muscle 
fatigue occurred. Since subjects complained that the sensation of severe 
breathlessness had stopped them from continuing the exercise even though they felt 
that they had sufficient power in their lower limbs to carry on，the reduction in the 
94 
exercise endurance could be partly explained by the severe sensation ofbreathlessness 
resulting from inspiratory muscle fatigue. 
The following factors might contribute to the inspiratory muscle fatigue during 
the cycle exercise with rib cage compression: 
(1) The work rate of inspiratory muscles increased with increasing breathing 
frequency. The increased breathing frequency augmented the total amount ofheat 
loss of inspiratory muscles. 
(2) The negative work of inspiratory muscles during each expiration increased. 
The increased breathing frequency augmented the total additional negative work of 
inspiratory muscles. 
(3) The increase in Tj/Tx probably caused the diaphragm tension-time index to 
exceed the diaphragmatic fatigue threshold, which resulted in the early onset of 
diaphragmatic fatigue. 
(4) The increased velocity of inspiratory muscle shortening reduced the 
efficiency of the diaphragm. 
(5) The unfavourable diaphragmatic length and the expiratory action exerted 
by the flattened diaphragm during inspiration reduced the efficiency of the diaphragm. 
Implications 
In the present study, rib cage compression which was imposed by inflating the 
pressure vest caused inspiratory muscle fatigue and reduced the exercise endurance 
during the prolonged heavy cycle exercise without affecting the function of 
cardiorespiratory system. Such findings showed that the imposition of rib cage 
compression during the prolonged heavy cycle exercise could effectively overload the 
inspiratory muscle, and thus affect the exercise endurance. According to the training 
principle of overloading, it is possible to improve the inspiratory muscle endurance 
and hence the prolonged heavy cycle exercise endurance through the ventilatory 
muscle endurance training (VMET) which is carried out during the exercise with rib 
cage compression. 
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Delimitations and Limitations 
Delimitations 
The delimitations of the present study were as follows: 
(1) Only seven normal young male adults with the above-mentioned physical 
characteristics specificed in the section on "methodology" were studied. 
(2) The effects of rib cage compression on exercise endurance and on the respiratory 
response during prolonged heavy exercise were restricted to that resulting from an 
external pressure of 160 m m H g that was generated by inflating the pressure vest. 
(3) The effects of rib cage compression on exercise endurance and on respiratory 
response during the exercise were specific to the given exercise intensity (70 % of 
maximal oxygen consumption) on the cycle ergometer. 
(4) The effects of rib cage compression on inspiratory muscle function and on blood 
gas concentration during the cycle exercise were examined by using the non-
invasive methods. 
Limitations 
The limitations of the present study were as follows: 
Research Design 
The cause-and-effect relationship between the occurrence of inspiratory muscle 
fatigue and the reduction in exercise endurance during the cycle exercise with rib 
cage compression had not been directly examined. 
Instrumentation 
(1) The shape of the lower edge of the vest was designed by following the shape of the 
rib cage. However, since the movement of the rib cage and that of the abdomen 
were not distinctly separate, it was possible that the compression on the movement 
ofthe lower ribs had affected the movement of the abdomen. 
(2) Since the external pressure imposed on the rib cage was not measured directly, the 
magnitude of rib cage compression might have varied slightly among subjects 
taking the same test and among different tests for the same subjects. 
Method 
(1) It was possible that the use of the weighted-spirometer method might have 
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overestimated the subjects' total respiratory elastance, if the respiratory 
musculature was not completely relaxed at end expiration. It was because the 
reflex response of the conscious subjects to the application ofthe positive airway 
pressure might have led the subjects to resist the pressure rather than to relax 
completely. 
(2) During the measurement of total respiratory elastance, since a positive airway 
pressure resulting from a weight greater than 4 kg might disturb subjects' 
spontaneous breathing, the highest lung volume change which was found for 
computing the total respiratory elastance was less than the tidal volume usually 
found during the cycle exercise. 
(3) In the cycle exercise endurance test with rib cage compression, the difference 
between pre- and post-exercise static maximum inspiratory pressures could not 
definitely indicate the level of deterioration of the function of each inspiratory 
muscle group and the type of fatigue (central vs peripheral) of inspiratory muscles. 
Suggestions 
In order to develop the imposition of rib cage compression during prolonged 
heavy cycle exercise as a means o f V M E T for improving the inspiratory muscle 
endurance and hence the exercise endurance, the cause-and-effect relationship 
between the occurrence of inspiratory muscle fatigue and the reduction in exercise 
endurance during prolonged heavy exercise with rib cage compression needs to be 
examined directly in future study. 
Moreover, invasive methods are required in future studies for precise 
investigations of (1) the increase in elastic work of inspiratory muscles resulting from 
rib cage compression; and (2) the level of deterioration of the function of different 
inspiratory muscle groups with rib cage compression during the exercise. Such 
invasive methods include the measurements of (1) endoesophageal pressure at all lung 
volumes while the subject relaxed against a closed tap; (2) electromyogram activities 
of different inspiratory muscle groups; and (3) pre-exercise and post-exercise 
maximum transdiaphragmatic pressures and the transdiaphragmatic pressures during 
the exercise. 
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As the desired training effect is best achieved by gradually increasing the load 
on the target system, it is necessary to evaluate: (1) the relationships between the level 
of rib cage compression and the increase in elastic work of inspiratory muscles, and 
(2) the relationships between the level of rib cage compression and the level of 
reduction in exercise endurance. The information obtained in such evaluations are 
required for prescribing the compression load for V M E T with imposition of rib cage 
compression during the exercise. 
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APPENDIX I 
mFORMED CONSENT 
Laboratory for Exercise Physiology Research 
G01 Kwok Sports Building 
Department of Sports Science and Physical Education 
The Chinese University ofHong Kong 
Title ofInvestigation: 
The Effects o fRib Cage Compression on Exercise Performance and Respiratory 
Response during Heavy Exercise in Man 
Investigator: Tong. Kwok Keung Date: 
This is to certify that I， (HK I.D. No. ), hereby 
agree to participate as a volunteer in a scientific investigation as an authorized part o f the 
education and research program ofThe Chinese University ofHong Kong under the supervision 
o fMr . Tong Kwok Keung. 
The investigation and my part in the investigation have been defined and fully explained 
to me by Mr. Tong Kwok Keung and I understand his explanation. The procedures of this 
investigation and their risks and discomforts are described on the back of this form and have 
been discussed in detail with me. 
I have given an opportunity to ask whatever questions I may have had and all such 
questions and inquires have been answered to my satisfaction. 
I understand that any data or answers to questions will remain CONFIDENTIAL with 
regard to my identity. 
I understand that, in the event of physical injury resulting from this investigation, neither 
financial compensation nor free medical treatment is provided for such a physical injury. 
I certify that to the best of my knowledge and belief, I have no physical or mental illness 
or weakness that would increase the risk to me of participation in this investigation. 
I FURTHER UNDERSTAND THAT I AM FREE TO WITHDRAW MY CONSENT 
AND TERMES[ATE MY PARTICIPATION AT ANY TIME. 
Date Date ofBrith Subject's Signature 
I, the undersigned, have defined and fully explained the investigation to the above 
subject. 
Date Investigator's Signature 
I was present when the investigation was explained to the subject in detail and to my best 
knowledge and belief it was understood. 
Date Witness 
Explanation of Study 
Purpose 
To meet the increased metabolic demand during prolonged heavy exercise, 
ventilation is maintained at high level. The increase in total respiratory elastance resulting from 
rib cage compression during the exercise will increase the work of inspiratory muscles. Since 
prolonged heavy exercise endurance depends upon the ventilatory muscle endurance, it is 
speculated that rib cage compression may affect the exercise endurance by overloading the 
inspiratory muscles. The purpose of this study is to verify this speculation. For this purpose, a 
given degree of rib cage compression, which is generated by inflating a pressure vest with 
pressure of 160 mmHg, will be set for investigating the change in exercise endurance during 
prolonged heavy exercise on cycle ergometer. 
Procedures 
Before conducting any tests, you will be invited to visit the exercise physiology 
laboratory two times. The first visit will include a medical history assessment and a physical 
examination, the latter comprising measurements o fbody height, body weight, and forced 
spirometry. You will also be informed in detail of the purpose of the study and the objectives 
and procedures of each test. During the second visit, you will familiarize yourself with the 
experimental equipment to be used and with the procedure to be adopted during real exercise 
tests. 
You are required to take four tests on five separate days. On the first two days, 
subdivisions of lung volume and total respiratory elastance with and without rib cage 
compression will be measured. The incremental cycle ergometer test, which will be conducted 
on the third day, will be used to determine the workload for the following endurance exercise 
tests. The endurance exercise test on cycle ergometer with and without rib cage compression 
will be conducted separately on the last two days. 
During the incremental cycle ergometer test, the investigator will measure your heart 
rate with heart rate monitor. He will also measure your expired gas via a breathing valve to 
monitor cardiorespiratory changes (e.g. pulmonary ventilation, oxygen consumption etc.). The 
exercise intensity will be increased by 30 watts every two minutes. The investigator will 
encourage you to continue exercise until you cannot tolerate the effort or maintain the prescribed 
pedaling rate. 
During the two exercise endurance tests, you are required to exercise on the cycle 
ergometer under the following 2 different breathing intensity: (1) exercise without rib cage 
compression, and (2) exercise with rib cage compression. The exercise intensity will be set at a 
constant work rate that requires 70% of your maximum oxygen consumption until exhaustion. 
Your heart rate, blood pressure and arterial oxygen saturation will be monitored throughout the 
exercise, and your respiratory response (e.g. pulmonary ventilation, breathing pattern, inspiratory 
flow rate, etc.) will be measured via an open-breathing circuit. The investigator will encourage 
you to continue exercise until you cannot tolerate the effort or maintain the prescribed pedaling 
rate. Your static maximum inspiratory and expiratory pressure will be measured within two 
minutes after the exercise. 
Discomfort and risks 
Sensations ofbreathlessness, dull pain in the subcostal region and leg muscle 
tightness/soreness are normal during the incremental cycle ergometer test and during the 
endurance exercise tests. 
Potential benefits 
By participating in the study, you will gain knowledge about your health status, 
cardiovascular and exercise ability. Meanwhile, you will be contributing to a study o fwhich the 
findings will facilitate the study of the effectiveness of the ventilatory muscle endurance training 
(VMET) with rib cage compression during prolonged heavy exercise in improving inspiratory 
muscle endurance and also the prolonged heavy exercise performance. 
— E N D — 
APPENDIX II 
CYCLING PROTOCOL FOR INCREMENTAL EXERCISE TEST 
Warm-up Protocol (cycle at 60 revolutions.min"^ ) 
Time(minute) Load (Kp) Power (Watts) 
0 - 4th 0.5 30 
5th - 7th 1 60 
8th - 10th 1.5 90 
Stretching Exercise 
Test Protocol (cycle at 60 revolutions.min"^ ) 
Time(minute) Load (Kp) Power (Watts) 
0-4th 1.5 90 
5th - 6th 2 120 
7th - 8th 2.5 150 
9th - 10th 3 180 
llst-12nd 3.5 210 
13rd-14th 4 240 
15th-16th 4.5 270 
16th-17th 5 300 
APPENDIX III 
CYCLING PROTOCOL FOR CYCLE EXERCISE ENDURANCE TEST 
Warm-up Protocol (cycle at 60 revolutions.min"^ ) 
Time(minute) Power (% of target power) 
0 - 4th 30 
5th - 7th 60 
8th - 10th 100 
Stretching Exercise 
Test Protocol (cycle at 60 revolutions.min"^ ) 
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Figure IV-I. The changes in volume-pressure tracings with and without rib cage 








































































































































































































































































































































































































































































































































































































































































































































































Effects ofRib Cage Compression on Exercise Endurance 
Subject Workload Ex.end. 
No. (Watts) (min) 
control R C C 
1 Il6^ oo 33^ iToo 
2 108.00 23.47 18.02 
3 114.00 49.00 15.00 
4 126.00 55.00 24.00 
5 126.00 68.50 20.63 
6 144.00 50.00 20.00 
7 96.00 58.50 18.00 
~ M ^ n o o o 48.22 18.09* 
i S D 15.49 15.33 4.18 
Note. 
Values in control-columns are measured with no rib cage compression imposed on 
subjects. 
Values in RCC-columns are measured with rib cage compression imposed on subjects. 
Ex.end. is the exercise duration of the exercise tests. 
* p <0.05 
APPENDIX IV 
Table IV-III 
Effects ofRib Cage Compression on Pre- and Post-Exercise Static Maximum Inspiratory 
and Expiratory Pressures 
Subject PImax PEmax 
No. (cmH2O) (cmH2O) 
control R C C control R C C 
Pre-Ex.~~Post-Ex.~~Pre-Ex.~Post-Ex. Pre-Ex. Post-Ex. Pre-Ex. Post-Ex. 
1 f 0 T 0 0 ~ ~ m o o f2920 111.50 105.00 96.00 144.10 131.90 
2 110.00 107.40 104.70 88.40 88.37 88.40 92.40 95.80 
3 136.00 126.40 111.50 84.30 129.20 114.20 122.40 130.50 
4 138.00 145.00 127.80 93.80 140.00 144.00 108.80 138.70 
5 103.30 121.00 114.20 88.40 125.00 107.40 111.50 106.00 
6 111.50 121.00 108.80 95.20 129.20 136.00 118.30 122.40 
7 111.50 130.50 95.20 76.10 163.10 146.80 135.95 119.60 
M e a n n I ^ ~ ~ u l 0 4 U3M~9TToFi^ 125.70 118.97 119.06 120.70 
+ S D 14.98 14.12 12.17 11.00 23.98 23.49 17.31 15.20 
Note. 
Values in control-columns are measured with no rib cage compression imposed on 
subjects. 
Values in RCC-columns are measured with rib cage compression imposed on subjects. 
PImax is static maximum inspiratory pressure. 
PEmax is static maximum expiratory pressure. 
* U <0.05 
APPENDIX IV 
Table IV-IV 
Kffects ofRib Cage Compression on Parameters ofRespiratorv Response including 
Minute Ventilation. Tidal Volume. Breathing Frequencv. and Inspiratory Flow Rate 
before and during Exercise 
Percentage Minute^ Tidal Volume® Breathing# Peak Inspiratory® 
ofExercise Ventilation (liters) Frequency Flow Rate 
Duration (l.min"^ ) (breaths.min"') (l.min"^ ) 
control R C C control R C C control R C C control R C C 
Before Ex. 9^4 W ^ T1 H H S 7 17.71* 0^92 OlS 
±2.44 ±1.56 ±0.17 ±0.26 ±6.02 ±5.22 ±0.20 ±0.04 
5% 49.23 56.98* 1.64 1.27* 30.17 45.00* 2.87 3.23* 
±5.23 ±8.57 ±0.15 ±0.16 ±4.12 ±6.39 ±0.31 ±0.36 
10% 54.16 63.15* 1.79 1.33* 31.00 48.33* 3.03 3.85* 
±4.84 ±10.90 ±0.31 ±0.18 ±5.55 ±10.67 ±0.26 ±0.45 
15% 54.84 66.34* 1.76 1.33* 32.00 50.43* 3.10 3.85* 
±5.27 ±11.60 ±0.31 ±0.17 ±6.33 ±10.00 ±0.28 ±0.44 
20% 55.74 70.10* 1.70 1.35* 33.50 52.50* 3.22 4.19* 
±7.19 ±11.10 ±0.29 ±0.16 ±6.92 ±9.61 ±0.44 ±0.26 
25% 53.73 66.83* 1.64 1.31* 32.83 51.50* 3.28 4.00* 
±7.97 ±10.44 ±0.21 ±0.15 ±6.01 ±8.57 ±0.43 ±0.45 
30% 59.05 70.43* 1.70 1.25* 35.43 56.29* 3.29 4.16* 
+7.83 ±10.75 ±0.24 ±0.19 ±7.04 ±10.26 ±0.47 ±0.43 
35% 59.77 1.69 37.00 3.34 
±8.95 ±0.32 ±9.38 ±0.51 
40% 61.63 1.66 37.14 3.48 
+6.12 ±0.26 ±7.88 ±0.41 
45% 58.23 1.64 35.80 3.21 
+7.87 ±0.22 ±7.50 ±0.36 
50% 59.77 1.69 37.14 3.47 
±7.17 ±0.33 ±8.80 ±0.57 
55% 57.84 1.68 34.75 3.40 
±6.37 ±0.31 ±8.02 ±0.59 
60% 60.96 1.57 40.00 3.57 
土7 . 9 0 ±0.22 ±8.85 ±0.69 
65% 60.63 1.63 37.50 3.51 
±6.75 ±0.29 ±7.20 ±0.41 
70% 61.98 1.58 40.80 3.55 
±6.97 ±0.32 ±7.66 ±0.71 
(Tahle IV-IVcnntinued) — 
75% 61.70 1.60 39.71 3.49 
土8.47 ±0.24 ±7.91 ±0.40 
80% 59.06 1.55 40.40 3.47 
±6.38 ±0.33 ±10.16 ±0.43 
85% 64.00 1.63 40.43 3.67 
土8.70 ±0.24 ±7.55 ±0.38 
90% 62.88 1.64 39.57 3.52 
±9.96 ±0.28 ±6.80 ±0.26 
95% 63.57 1.62 40.67 3.46 
±9.45 ±0.30 ±8.09 ±0.37 
100% 61.12 1.62 39.80 3.57 
±6.77 ±0.35 ±8.87 ±0.45 
Note. 
Values are means and ±SD. 
衫 Values in Control-column are measured with no external compression, and measured 
during given periods of exercise. 
Values in RCC-column are measured with external compression imposed on rib cage, 
and measured at periods corresponding to the given periods during exercise test without 
rib cage compression. 
@ Values in Control-column are means of measurements taken at the last 1 Osec of given 
periods of exercise, with no external compression on rib cage. 
Values in RCC-column are means of measurements taken at periods corresponding to 
the given periods during exercise test without rib cage compression during given 
periods of exercise with external compression on rib cage. 
* p <0.05 
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Table IV-V 
Effects ofRib Cage Compression on Parameters ofRespiratorv Response including 
Inspiratory Time. Expiratory Time and Duty Cvcle before and during Exercise 
Percentage Inspiratory Time® Expiratory Time® Duty Cycle (丁！/丁丁)® 
of Exercise (sec) (sec) 
Duration 
— control R C C control R C C control R C C 
Before Ex. I l l L60 3 M H s 036 K u 
±0.88 ±0.73 ±1.58 ±1.11 ±0.05 ±0.09 
5% 0.89 0.66* 1.13 0.73* .44 0.48* 
±0.11 ±0.11 ±0.21 ±0.11 ±0.02 ±0.04 
10% 0.92 0.62* 1.10 0.70* 0.45 0.47* 
±0.16 ±0.15 ±0.23 ±0.17 ±0.01 ±0.01 
15% 0.87 0.62* 1.08 0.67* 0.45 0.48 
±0.10 ±0.13 ±0.19 ±0.13 ±0.03 ±0.01 
20% 0.85 0.57* 1.03 0.64* 0.45 0.47 
±0.13 ±0.11 ±0.23 ±0.14 ±0.03 ±0.01 
25% 0.84 0.59* 1.02 0.63* 0.45 0.48* 
±0.16 ±0.10 ±0.21 ±0.11 ±0.02 ±0.01 
30% 0.79 0.54* 0.93 0.58* 0.46 0.48 
±0.16 ±0.12 ±0.21 ±0.15 ±0.03 ±0.01 
35% 0.79 0.95 0.46 
±0.15 ±0.23 ±0.02 
40% 0.76 0.91 0.46 
±0.11 ±0.17 ±0.02 
45% 0.81 .92 0.47 
±0.13 ±0.19 ±0.02 
50% 0.77 0.94 0.45 
±0.17 ±0.25 ±0.04 
55% 0.80 0.95 0.46 
+0.13 ±0.19 ±0.01 
60% 0.74 0.85 0.47 
±0.15 ±0.16 ±0.02 
65% 0.77 0.88 0.47 
±0.14 ±0.20 ±0.01 
70% 0.74 0.84 0.47 
±0.17 ±0.19 ±0.02 
CTahle IV- V continued) 
^ oT^ 086 0 ^ 
±0.16 ±0.19 ±0.02 
80% 0.73 0.85 0.46 
±0.21 ±0.22 ±0.01 
85% 0.69 0.83 0.46 
±0.13 ±0.19 ±0.03 
90% 0.73 0.84 0.47 
±0.10 ±0.16 ±0.03 
95% 0.76 0.83 0.48 
±0.18 ±0.15 ±0.02 
100% 0.76 0.87 0.46 
±0.20 ±0.17 ±0.03 
Note. ^ 
Values are means and ±SD. 
® Values in Control-column are means of measurements taken at the last lOsec of given 
periods of exercise, with no external compression on rib cage. 
Values in RCC-column are means of measurements taken at periods corresponding to 
the given periods during exercise test without rib cage compression during given 
periods of exercise with external compression on rib cage. 
* p <0 .05 
APPENDIX IV 
Table IV-VI 
Effects ofRib Cage Compression on the Parameters of Gas Exchange (End-Tidal Carbon 
Dioxide Tension and Arterial Oxvgen Content、and on Oxvgen Consumption before and 
during Exercise 
Percentage of End-Tidaf Arterial Oxygen^ Oxygen Consumption^ 
Exercise Carbon Dioxide Content (l.min_) 
Duration Tension (%) 
(mmHg) 
— Control R C C Control R C C Control R C C 
" " B e f o r e ex. 4039 4066 97?7l 97^7 1^ ^9 
±2.11 ±3.04 ±.95 土.98 土.02 土.05 
5% 43.84 41.16 97.14 97.00 1.69 1.70 
±4.41 ±3.81 ±1.35 土1.83 土.24 土.20 
10% 42.47 39.50* 97.00 97.33 1.90 1.84 
±2.02 ±3.23 ±1.27 ±1.63 土.25 土.21 
15% 40.69 38.54 96.71 95.71 1.87 1.87 
±3.07 ±3.00 土1.50 土1.70 土.24 土.22 
20% 40.78 37.40* 96.17 96.50 1.94 1.96 
±2.31 ±2.85 土.98 ±1.87 土.24 土.21 
25% 41.22 37.63 96.17 96.50 1.87 1.91 
±3.63 ±3.55 ±1.47 ±2.07 土.29 土.23 
30% 39.72 36.35 96.43 95.57 1.92 1.92 
±3.71 ±3.70 土1.13 ±1.81 土.28 土.22 
35% 39.95 95.83 1.99 
±2.06 ±1.17 土.29 
40% 38.24 96.00 1.99 
±3.10 ±1.53 土.26 
45% 39.10 96.17 1.97 
±2.15 土.98 ±.28 
50% 39.14 95.71 1.99 
±3.63 ±1.11 土.25 
55% 39.52 95.80 2.00 
±2.65 ±1.10 土.30 
60% 37.07 95.71 1.99 
±4.14 ±1.50 土.28 
65% 37.43 96.14 1.98 
±3.77 ±.90 土.29 
70% 39.63 96.00 2.08 
±3.06 ±1.26 土.34 
fTahle IV-VIcontinued) 
^ 37?74 9 ^ ^ 
±3.66 土.82 ±.32 
80% 39.90 95.40 2.06 
±3.23 土.89 土.35 
85% 37.34 95.86 2.03 
±5.09 ±1.07 ±.30 
90% 37.21 95.71 2.05 
±4.07 土.95 ±.34 
95% 37.93 95.33 2.14 
±3.83 土.82 土.36 
100% 38.52 95.40 2.12 
±3.93 土.55 土.36 
Note. 
Values are means and ±SD. 
# Values in Control-column are measured with no external compression, and measured 
during given periods of exercise. 
Values in RCC-column are measured with external compression imposed on rib cage, 
and measured at periods corresponding to the given periods during exercise test without 
rib cage compression. 
® Values in Control-column are measured with no external compression, and measured 
at the end of given periods of exercise. 
Values in RCC-column are measured with external compression imposed on rib cage, 
and measured at periods corresponding to the given periods during exercise test 
without rib cage compression. 
* p <0.05 
APPENDIX IV 
Table IV-VII 
KfFects ofRib Cage Compression on Heart Rate. Svstolic Blood Pressure and 
Diastolic Blood Pressure before and during Exercise 
Percentage Heart Rate Systolic Blood Diastolic Blood 
of Exercise (beats.min'^ ) Pressure Pressure 
Duration (mmHg) (mmHg) 
control R ^ control R ^ control R C C ~ 
Before ex. 7 ^ U l 9 U 3 ^ 123.57 66^4 7 0 0 0 ~ 
±13.43 ±11.60 ±10.21 ±7.59 ±8.93 ±12.20 
5% 148.29 155.86 
±11.77 ±18.49 
10% 155.00 164.00 168.83 180.33* 67.33 85.00* 
±11.68 ±16.92 ±7.20 ±13.08 ±13.56 ±9.38 
15% 159.86 166.57 
土8.78 ±14.62 
20% 160.83 172.33 169.00 189.17* 71.67 79.17 
±9.93 ±13.69 ±6.87 ±13.30 ±10.73 ±4.45 
25% 165.67 171.67 
±7.15 ±13.85 
30% 166.00 172.14 161.17 184.17* 68.83 77.83 
±9.97 ±13.21 ±8.26 ±14.33 ±14.25 ±9.91 
35% 166.17 
±9.09 
40% 170.86 168.86 72.71 
±7.95 ±7.49 ±9.62 
45% 167.33 
±8.26 
50% 170.86 162.86 67.29 
+9.23 ±11.29 ±7.47 
55% 173.20 
±7.05 
60% 172.43 169.86 66.29 
±8.90 土11.32 ±7.41 
65% 173.14 
±10.40 
70% 171.67 169.33 69.67 
±9.77 ±7.50 ±8.29 
(Table IV-VIIcontinued) 
lWo 174.00 “ “ 
土 1 0 . 2 6 
80% 174.00 162.00 66.80 
土8 . 0 6 ±13.17 ±9.99 
85% 174.86 
±9.32 
90% 175.86 172.33 72.00 
±9.65 ±15.50 ±7.94 
95% 175.17 
±9.87 
100% 176.60 171.60 67.00 
+10.60 ±14.24 ±8.09 
Note. 
Values are means and ±SD. 
Values in Control-column are measured with no external compression, and measured at 
the end of given periods of exercise. 
Values in RCC-co lumn are measured with external compression imposed on rib cage, and 
measured at periods corresponding to the given periods during exercise test wi thout rib 
cage compression. 
* p <0.05 
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